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NOTICES 


When.  U.S.  Government  drawings,  specifications,  or  other  data  .ire- 
used  for  any  purpose  other  than  a  definitely  related  Government  pro¬ 
curement  operation,  the  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever,  and  the  fact  that  the  Government  may- 
have  formulated,  furnished,  or  in  any  way  supplied  the  said  drawings, 
specifications,  or  other  data,  is  not  to  be  regarded  by  implication  or 
otherwise,  or  in  any  manner  licensing  the  holder  or  any  other  person 
or  corporation,  or  conveying  any  rights  or  permission  to  manufacture 
use,  or  sell  ar  y  patented  invention  that  may  in  any  way  be  related 
thereto. 


FOREWORD 


This  report  is  a  compilation  of  abstracts  and  papers 
presented  at  scientific  and  engineering  seminars  conducted 
by  the  Air  Force  Rocket  Propulsion  Laboratory,,  EdwardB, 
California,  from  10  January  1967  through  23  August  1967. 
This  report  has  been  reviewed  and  approved. 


Colonel,  USAF 

Commander,  Air  Force  Rocket  Propulsion  Laboratory 


ABSTRACT 


Opportunities  for  personal  growth  through  intellectual,  stimulation 
and  the  acquisition  of  new  knowledge  should  be  available  to  scientists, 
engineers  and  managers  regardless  of  their  field  of  experience  or  geo¬ 
graphical  location.  Such  opportunities  are  readily  available  when 
colleges  and  universities  are  located  in  the  immediate  vicinity. 

However,  at  the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL)  the 
nearest  university  is  approximately  two  hours  distant  by  automobile. 
Accordingly,  in  September  1S64  a  seminar  program  was  initiated  as  a. 
lecture  series  for  the  scientists  and  engineers.  In  the  first  three 
years,  over  100  seminars  were  conducted  on  a  wide  range  of  subjects 
dealing  with  both  technical  and  management  aspects  of  research  and 
development.  The  emphasis  in  this  program  has  been  on  subjects  re¬ 
lating  to  the  mission  and  the  career  development  requirements  of  the 
Laboratory  personnel. 

In  the  first  three  years  of  operation,  many  of  the  seminar  speakers 
have  been  provided  by  UCLA  on  contracts  from  AFRPL  and  have  included 
authorities  from  various  government  agencies,  universities  and  industry. 
In  addition,  Laboratory  personnel  served  as  speakers  for  the  program  on 
subjects  ranging  from  technical  discussions  on  in-house  experimental 
studies  to  reviews-  of  management  and  planning  activities. 
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RECENT  ADVANCES  IN  SOLID  PROPELLANT  DEVELOPMENT 

(10  January  1967) 

by 

Grant  Thompson 

Mr.  Thompson  received  his  B.A.  Degree  in  Chemistry  in  1950  and  Ph.D.  in  Organic 
Chemistry  in  1953  from  v.  diversity  of  Utah.  Formerly  with  DuPont  Company 
doing  research  in  the  field  of  organic  and  polymer  chemistry,  he  is  now  Manager 
of  Propellant  Development  at  Wasatch  Division  of  Thiokol  Chemical  Corporation. 


INTRODUCTION 

A  solid  propellant  rocket  motor  is  well  'known  for  simplicity  of  design  and 
operation.  This  reputation  has  been  adequately  demonstrated  over  the  years  with 
thousands  of  motor  firings.,  Recently,  the  requirements  dictated  by  missions  that 
solid  motors  are  being  called  on  to  perform  have  become  more  complex  and  the 
designs  are  therefore  less  simple.  As  a  result  the  propellant  properties  that  are 
now  being  specified  are  very  sophisticated  and  therefore  much  more  .difficult  to 
meet. 

It  is  necessary  for  some  missions  that  the  solid  -motor  have  on-off  capability 

and  the  propellant  must  have  properties  that  will  allow  it  to  extinguish  and  reignite 

* 

readily.  Other  applications  specify  throttling  thus  requiring  propellant  to  possess 
a  high  burning  rate-pressure  slope.  Some  missions  make  it  mandatory  that  the 
exhaust  plume  have  lew  radar  attenuation  or  low  radar  cross  section;  thus  electron 
densities,  afterburning  and  efcc.must  be  controlled.  Motors  for  volume  limited 
applications  may  use  end  burning  grain  designs  requiring  very  high  burning  rates  .and 
yet  maintaining  structural  integrity  .over  wide  temperature  extremes.  The  .usual 
excellent  properties  of  the  soHd  propellants  must  he  maintained  while  obtaining 
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these  special  properties. 

Composite  and  double  base  are  the  two  common  types  or  solid,  propellants, 
both  having  their  advantages  and  disadvantages.  Composite  propellants  are  safer 
to  manufacture  and  use,  can  be  stored  and  fired  over  wider  temperature  ranges, 
are  cheaper,  and  are  easier  to  case  bond.  Double  base  propellants,  on  the  other 
hand,  deliver  a  few  seconds  more  of  specific  impulse  in  aluminized  propellants, 
and  are  more  effective  with  the  hydride  fuels  primarily  because  performance 
optimizes  at  higher  binder  levels. 

There  are  many  considerations  that  are  taken  into  account  when  selecting 
a  new  propellant  ingredient  or  when  deciding  whether  a  new  propellant  can  be  useful. 
These  include  properties  that  affect  performance,  such  as  heat  of  formation  or  Isp, 
density,  and  burning  rate.  Compatibility  of  a  riew  ingredient  with  the  other  ingredi¬ 
ents  in  the  propellant  or  the  compatibility  of  a  new  propellant  with  liner  and 
insulation  must  be  studied.  The  processability  of  the  propellant  has  a  large  influence 
on  the  propellant  selection,  as'  well  as  mechanical  properties,  aging  and  safety  char¬ 
acteristics.  Cost  and  availability  of  ingredients  must  not  be  neglected. 

Binders,  ‘ 

The  binder  system  for  a  solid  propellant  has  several  important  functions.  It 

provides  a  continuous  matrix  for  the  solid  oxidizer  ahd  fuel  with  sufficient  strength 

to  maintain  structural  integrity  during  handling,  storage  and  operation.  It  also  serves 

as  a  fuel  and  in  some  cases^is  an  oxidizer* 

.The  double  base  binder  consists  primarily  of  nitrocellulose  and  an  energetic 

nitrate  plasticizer  such  as  nitroglycerine  (NG),  diethyleneglycol  dinitrate  (DEGDN), 

•  (i) 

triethyleneglycol  dinitrate  (TEGDN)  or  trimethyolethane  trinitrate  (TMETN). 
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Stabilizers  such  as  nitrodephenyl  amine  are  used  to  inhibit  the  decomposition  o£  the 

m trato  compounds.  The  nitrocellulose  which  is  a  h.gh  polymer  is  swollen  by  the 

plast  icizer  to  yield  a  viscoelastic  gel  which  is  somewhat  thermoplastic  since  it  is 

not  crosslinked.  Recent  work  has  improved  the  mechanical  properties  by  cross- 

linking  the  nitrocellulose  with  isocyanates  through  the  free  hydroxyl  groups. 

(2) 

The  most  commonly  used  binders  for  composite  propellants  are  hydrocarbon 
and  polyurethane  liquid  polymers  while  polysulfides  have  lost  favor  because  of  low  ' 
energy.  Recently  interest  has  been  shown  in  fluorocarbon  binders  and  in  fluorine 
containing  binders. 

Composite  binders  are  cliain  extended  and  crosslinked,  chemically,  with  curing 
agents  to  give  a  network  which  is  at  least  partially  three  dimensional.  Random 
carboxylated  hydrocarbon  polymers  which  are  cured  with  epoxides  and  aziridines  do 
not  give  the  ultimate  in  mechanical  properties  because  of  their  dangling  chain  ends. 
Carboxyl-terminated  hydrocarbon  polymers  give  better  mechanical  properties  ar.d 
much  higher  gel  fractions  than  the  random  carboxylated  polymers  when  trifunction 
epoxides  and  aziridines  are  used  because  the  dangling  chain  ends  are  eliminated. 

'  „  ,  ‘  Vs 

Hydroxyl  terminated  hydrocarbons  which  have  lower  viscosities  at  the  same  molecular 

•  r;'A  • 

weight  than  the  carboxyl  analog  are  cured  with  isocyanates  to  give  urethane  linkages. 
Polyurethane  propellants  are  prepared  by  two  methods:  (1)  a  hydroxyl- terminated 
polyether  is  reacted  with  an  isocyanate  or  (2)  an  isocyanate  terminated  polyether 
or  polyester  is  reacted  with  diols  and/or  triols. 

A  hydrogenated  polybutadiene  binder  yields  the  highest  theoretical  I 

■  ■  %  sp 

performance  with  ammonium  perchlorate  and  aluminum  while  the  polybutadiene  type 

(3)  % 

is  a  close  second.  Polyurethanes  yield  slightly  lower  I  values  ana  the  optimum 

*P.  ■  % 

values  shift  to  lower  total  solids.  Nitratoplasticized  polyurethane  or  polyesters 


/ 

and  double  base  propellants  optimize  for  I  at  much  higher  binder  levels  but 

sp 

the  peak  values  are  not  as  high  as  with  the  hydrocarbon  system.  Since  the 
nitratoplasticized  propellants  optimize  for  I  at  higher  binder* levels,  this 
allows  them  to  accept  high  concentrations  of  light  metal  hydrides  and  still 
be  processable. 

Oxidizer 

Perchlorates  are  used  almost  exclusively  as  solid  oxidizers  and,  of  the 
perchlorates,  ammonium  perchlorate  is  used  for  almost  all  propellants.  Because 
ammonium  perchlorate  is  non- hygroscopic,  safe  to  handle,  available  in  large 
quantities  and  cheap,  it  lias  been  difficult  to  find  a  higher  energy  oxidized  to 
replace  it  even  in  a  few  of  the  applications. 

Redent  emphasis  has  been  placed  on  nitronium  perchlorate  (NP),  hydroxyl- 
ammonium  perchlorate  (HAP),  and  hydrazinium  diparchlorate  (HP2)  since  these 
materials  have  favorable  heats  of  formation  and  reasonable  thermal  stability. 

All  three  are  hygroscopic,  but  NP  decomposes  in  the  presence  of  moisture  which 
makes  it  more  difficult  to  work  with.  Compatibility  of  the  oxidizers  with  binders 
has  been  a  problem  but  solid  progress,  has  been  made.  HAP  and  HP2  can  be  used 
with  either  functionally  terminated  polybutadiene  binders  or  with  functionally 
terminated  saturated  hydrocarbon  binders.  NP  requires  a  saturated  hydrocarbon 
binder  and  even  then  great  pains  must  be  taken  to  remove  trace  impurities  from 
the  binder. 

;  (!)  . 

Theoretical  calculations  show  that  NP.  yields  significantly  higher  I 

(  >  15  sec)  than  NH4CIO4  for  an  aluminized  system;  with  beryllium,  the  increase 
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is  only  about  6  sec,  with  aluminum  hydride  the  increase  is  24  .  and  with  BeH^, 

10  sec.  From  the  reported  heats  of  formation  for  HP2  and  SAx,  it  is  predicted 
that  theoretical  performance  will  be  between  ammonium  perforate  and  NP. 

Fuels 

A  fuel  as  used  in  solid  propellants  is  a  reducing  agent  that  improves 
performance  by  increasing  the  enthalpy  of  system  or  by  decreasing  the  molecular 
weight  of  the  gaseous  products  or  both.  The  fuels  are  usually  metals  or  metal 
hydrides  with  the  important  ones  being  aluminum,  beryllium,  aluminum  hydride  and 
beryllium  hydride.  Of  these,  aluminum  is  the  only  one  used  in  an  operational  solid 
rocket  motor. 

Since  aluminum  is  cheap,  readily  available,  inert  and  yields  non-toxic  exhaust 
products,  there  has  been  reluctance  to  accept  Higher  performing  replacements.  It 
appears  that  It  is  more  desirable  to  increase  the  size  of  the  motor  rather  than 
using  a  higher  energy  fuel.  Beryllium  can  be  used  in  place  of  aluminum  in  either 
composite  or  double  base  propellants  rather  easily  but  cost  and  toxicity  of  exhaust 
products  have  apparently  prevented  its  use  in  an  operational  motor.  Aluminum 
hydride  does  not  have^he  toxicity  problem  of  beryllium  but  it  is  expensive  and  the 
thermal  stability  of  the  material  is  borderline.  Beryllium  hydride  is  more  thermally 
stable  than  aluminum  hydride,  but  it  is  also  expensive  and  high  specific  impulse 
.efficiencies  have  been  elusive.  Good  specific  impulse  efficiencies  have  been  achieved 
recently  in  double  base  propellants.  Beryllium  hydride,  of  course,  suffers  from  the 
same  toxicity  problems  as  beryllium. 
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Techniques  of  Propellant  Characterization 


There  are  numerous  techniques  of  characterizing  solid  propellant  which 
have  been  developed  over  the  years.  This  discussion  will  be  limited  to  the  more 
recent  promising  techniques.  h£~ 

Extincruishraent 

Propellant  extinguishment  has  recently  become  an  important  characteristic 
which  must  be  evaluated  according  to  the  extinguishment  method  being  used.  To 
evaluate  the  pressure  deflagration  limit  (P  «}  of  a  propellant,  a  5/8  in.  diameter 

(4) 

strand  is  burned  in  a  large  bomb  of  essentially  infinite  L*.  The  pressure  is 
reduced  slowly  (5  psia/sec)  while  recording  pressure  and.  luminosity  time  traces. 
P^1  is  the  pressure  at  which  the  luminosity  drops  to  zero.  The  validity  of  this 
test  has  been  verified  by  many  motor  firings. 

Techniques  have  also  been  devised  to  study  propellant  extinguishment  using 
dp/dt  and  L*  methods.  The  first  method  requires  rapid  depressurization  while  the 
second  uses  a  variable  volume  device  that  can  change  L*  as  the  propellant  burns. 


!  Plume  Properties 

I  . 

|  The  radar  attenuation  and  reflection  characteristics  of  solid  propellant 

j  .  -  ‘  . 

exhaust  plumes  are  very  important  considerations  for  guidance  and  tracking  of 

missiles  using  solid  propellant  motors.  These  properties  are  influenced  by 
propellant  flame  temperature,  afterburning,  alkali  metal  impurities  and  chemi- 
ionization.  Techniques  of  measuring  and  improving  these  characteristics  have 
been  developed. 


Processability 


The  ability  to  cast  propellants  into  motors  is  becoming  more  and  more 
-eomplex  as  propellant  total  solids  increase  and  grain  designs  become  more  unorthodox. 
It  is  seldom  that  a  simple  viscosity  from  a  Brookfield  instrument  will  predict  pro¬ 
pellant  processability.  To  completely  predict  the  propellant  flow  characteristics 
it  is  necessary  to  measure  the  rate  of  shear  as  a  function  of  both  shear  stress  and 
temperature.  In  addition,  a  knowledge  of  the  process  life  (pot  life)  is  essential, 
so  that  perfec  t  motors  can  be  obtained  from  the  casting.  The  Sivers  Extrusion 
Rheometer  and  the  Brookfield  Viscometer  can  be  utilized  to  obtain  the  desired 
information. 

Mechanical  Properties 

With  the  trend  toward  higher  propellant  loading  densities  in  motors  and  the 
use  of  plastic  cases,  the  need  for  reliable  grain  structural  analysis  is  even  more 
important  than  it  has  been.  The  specific  material  properties  which  are  required 
for  analysis  are  (1)  the  maximum  stress,  strain  at  maximum  stress  and  maximum 
strain  to  define  large  deformation  and  failure  properties;  (2)  equilibrium  modulus, 
relaxation  modulus,  Poisson's  ratio,  and  multiaxial  properties  to  define  the  visco¬ 
elastic  functions;  (3)  coefficient  of  thermal  expansion,  specific  heat,  glass  transition 
temperature,  and  thermal  conductivity  to  define  thermal  properties;  (4)  creep  modulus 
to  define  slump  properties:  and  (5)  dynamic  modulus  arid  fatigue  to  define  cyclic  and 
dynamic  properties.  Only  the  more  recent  methods  of  measuring  propertries  such  as 
these  will  be  discussed.  ;v...  :?(.  V 

Uniaxial  properties  are  determined  by  deforming  the  specimen  at  constant 
rate  of  deformation  at  various  temperatures  and  strain  rates  arid  measuring  the 
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load  through  the  specimen.  Recent  work  has  been  shown.that  the  problem  of 
changing  effective  gage  length  with  strain  can  be  alleviated  by  using  an  end- 
bonded  JANA  F  specimen.  Application  of  the  time- temperature  superposition 
principle  yields  curves  of  reduced  stress  dr  strain  versed  time.  A  Smith  type 
failure  envelope  can  be  defined  which  shows  uniaxial  properties  of  propellant 
independent  of  temperature  and  time.  The  effect  of  motor  operating  pressure 
can  be  determined  by  testing  under  pressure  and  then  treating  the  data  in  the 
same  manner.  At  the  same  time  a  multiaxial  effect  is  observed  due  to  the 
hydrostatic  pressure  on  the  specimen.  The  stress  field  is  changed  by  testing 
at  several  pressures. 

The  motor  grain  experiences  biaxial  and  triaxial  forces  and  since  the 
multiaxial  field  product  on  a  uniaxial  specimen  by  pressurization  is  not  the  only 
multiaxial  field  experienced  in  the  motor,  some  multiaxial  testing  must  be  per¬ 
formed  at  ambient  pressure. 

The  biaxial  rail  test  has  been  shown  to  have  a  true  biaxial  field  at  the 
center  of  the  specimen  and  it  is  commonly  used  to  obtain  correlation  between 
biaxial  and  uniaxial  data.  Pressure  can  be  imposed  during  the  test  to  more 
nearly  simulate  motor  opera  don.  A  more  recent  method  uses  a  hollow  sphere 
specimen  and  deforms  it  in  either  a  biaxial  or  triaxial  field.  This  method  has 
advantages  over  the  biaxial  rail  test. 

Poisson's  ratio  which  is  the  ratio  of  lateral  contraction  .to  the  axial 

?;  (5) 

elongation  is  known  to  decrease  with  increasing  strain.  It  can  be  determined 
by  elongating  a  cylindrical  bonded  tab-end  specimen  and  determining  the  change 
in  cross-sectional  area  with  an  Cpscan  or  optical  micrometer.  This  instrument 
projects  a  beam  of  light  across  the  specimen  and  the  change  in  volume  is  detected 
by  change  in  the  shadow  cast  on  photoelectric  cells. 


Cyclic  loads  below  the  failure  strain  cause  a  decrease  in  the  propellant 
ultimate  properties  similar  to  fatigue  in  metals,,  It  is  necessary  to  know  the 
effect  of  these  repeated  loads  upon  the  motor  grainicapability;  therefore,  fatigue 
testing  is  performed.  The  tests  are  made  at  a  constant  cyclic,  strain  and  the 
strain  vs.  number  of  cycles  to  failure  plotted  to  show  propellant  capability. 

A  recent  promising  technique  for  the  prediction  of  aging  life  of  propellant 
as  determined  by  mechanical  properties  is  based  on  a  superposition  method.  This 
method  utilizes  uniaxial  data  obtained  after  aging  at  several  temperatures  for 
various  periods  of  time.  The  property- time  data  are  superposed  to  give  master 
curves  of  uniaxial  properties  versus  log  storage  time.  Properties  after  long  term 
storage  at  lower  temperatures  have  been  successfully  predicted  using  this  method. 

Hazard  Tests 

Because  of  the  increase  in  higher  energy  materials  in  the  propellant  industry, 
several  tests  are  performed  to  ascertain  the  potential  hazard  of  the  propellant  or 

a  {6) 

its  ingredients.  Two  relatively  new  techniques  are  worthy  of  discussion:  one  to 
determine  friction  sensitivity  and  the  other  to  determine  detonability,  The  friction 
sensitivity  test  is  conducted  by  pulling  one  strip  of  an  assembly  consisting  of  two 

"v::  . 

thin  metal  strips  with  the  sample  sandwiched  between  the  strips.  The  use  of  a 
seismometer  with  the  standard  card  gap  detonation  test  has  improved  results. 

Illustrative  Example  jfr  . 

The  development  of  a  solid  propellant  that  can  be  readily  extinguished  by 
pressure  deflagration  limit  (P,,)  technique  is  a  good  example  of  how  a  propellant 

(4)  dl  -  . 

is  developed.  A  set  of  requirements  which  included  a  pai  of  >15  psia  were 


established  as  targets  for  the  program.  A  theory  of  extinguishment  by  the 
mechanise  :<«s  proposed  and  experimental  work  was  conducted  along  the  lines 

•  •  i 

that  the  theory  predicted  would  be  most  useful.  A  patopellant  was  developed  with 
a  of  >30  psis  and  characterized  by  numerous  tests  incbiding  a  150  lb.  motor 
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FLUORINE  TECHNOLOGY 
24  January  1967  - 

by 

Hans  R.  Neumark 

Dr,  Neumark  received  his  Fh.D.  in  electrochemistry  from,  the  Technische  Hochschule, 
Munich,  Germany.  He  has  been  with  Allied  Chemical  Corporation  since  1936,  where  he 
is  presently  Director  of  Government  Liaison.  He  has  directed  activities  in  the  field 
of  fluorine  propellants  and  nuclear  energy  and  initiated  the  pr'xluction  of  uranium 
hexafluoride.  At  the  conclusion  of  World  War  II,  he  visited  Germany  as  a  civilian 
expert  with  the  chemical  warfare  services  to  study  fluorine  installations  employed 
in  the  German  war  effort.  Dr.  Neumark1  s  present  pdsition  includes  the  corporate 
coordination  of  research  and  development  contracts  with  DOD  and  NASA  in  the  field 
of  propellants  and  special  materials  such  as  plastics  and  refractory  metals. 


Fluorine,  the  most  powerful  chemical  oxidizer,  has  been  of  interest  to  the 
rocket  engineer  for  almost  a  decade.  In  addition  to  its  superior  specific  impulse, 

major  performance  advantages  are  high  density  and  hypergoli  city  which  eliminates 
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the  need  for  a  separate  ignitor  system.  The  use  of  fluorine  as  a  chemical  oxidizer 
permits  maximum  payload  capabilities  using  existing  booster  configurations.  A 
brief  history  of  the  element  fluorine  is  presented,  and  a  description  is  given  of  the 
physical  and  chemical  properties  of  the  element.  Fluorine  reacts  with  practically 
all  organic  and  inorganic  substances  with  the  exception  of  metal  fluorides  or  fully 
fluorinat-^d  inorganic  or  organic  compounds  such  as  sulfur  hexafluoride  or  tetra- 
fluorethylene. 

The  manufacture  of  fluorine  from  initial  laboratory  stages  carried  out  in 

1886  to  present  large-scale  multi- ton  commercial  operations  are  discussed  in  detail. 

The  basic  raw  material  for  fluorine  is  calcium  fluoride  or  fluorspar  which  is  treated 

with  sulfuric  acid  to  form  hydrofluoric  acid.  Fluorine  gas  is  then  produced  by 

electrolysis  of  a  solution  of  anhydrous  hydrofluoric  acid  and  potassium  bifluoride 

subsequently  liquified  by  refrigeration.  The  major  impurities  contained  in  fluorine 

gas  are  HF  and  CF^  which  are  solids  at  liquid  fluorine  temperature  and  hav~  to  be 
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removed  prior  to  the  liquefaction  step  in  order  to  avoid  plugging  of  lines  and 
orifices  in  rocket  engine  systems.  The  only  other  impurities  are  oxygen  and 
nitrogen  which  do  not  interfere  with  the  use  of  fluorine  as  rocket  oxidizer. 

Present  liquid  fluorine  specifications  are  99%  F  minimum. 

—  -  2 

The  casic  design  of  fluorine  tanks  and  of  tank  trucks  for  the  smpmar.t 
of  5,000  to  25,000  tons  cf  liquid  fluorine  is  described* 

In  spite  of  the  high  reactivity  of  fluorine,  many  metals  and  materials 
are  compatible  for  handling  of  gaseous  and  liquid  fluorine  without  difficulty. 

Most  common  metals  can  be  used  as  well  as  fluorinated  hydrocarbons  under 
certain  specified  operating  conditions.  Temperature  and  flow  velocity  are 
important  factors  that  affect  the  compatibility.  The  flow  velocity  has  little 
effect  on  the  corrosion  of  metals;  however,  it  is  extremely  important  in  the 
case  of  plastic  materials.  Research  studies  carried  out  at  elevated  temperature 
indicate  that  nickel  has  the  highest  temperature  compatibility  followed  by  monel, 
aluminum,  stainless  steel  and  steel.  The  resistance  of  all  materials  used  in  fluorine 
service  depends  on  the  cleaning  and  passivation  of  the  system  |This  is  one  of  the 
most  critical  steps  in  all  fluorine  operations  and  cannot  be  -ovsr-smphccircd.  It z 
purpose  is  to  remove  the  last  traces  of  foreign  matter  and  to  form  a  passive 
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fluoride  film  on  the  metal  surface.  In  brief,  after  applying  a  standard  cleaning 
method,  the  passivation  procedure  consists  of  slowly  displacing  the  nitrogen  in 
the  system  with  gaseous  fluorine.  If  at  all  possible,  it  is  recommended  the 
fluorine  pressure  be  raised  to  the  working  pressure  level  of  the  equipment. 

In  addition  to  cleaning  and  passivation  procedures,  the  welding  specification 
for  tanks  or  any  equipment  in  contact  with  fluorine  is  of  extreme  importance. 
Welding  must  be  carried  out  by  the  tungsten  inert  gas  process,  and  no  back-up 
S.  trips  are  permitted.  X-ray  examination  of  the  weld  must  show  no  cracks, 


undercuts  or  lack  of  fusion.  Maximum  porosity  of  slag  inclusion  parameters  are 
specified.  ,• 

Rscorcm  enda  trie  ns  are  made  for  materials,  of  construction  to  be  used  in 
cyscem  components.  For  piping  and  fittings  carbon  steel  can  be  ur-'d  for  gaseous 
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fluorine  service  and  stainless  steel  300  series,  aluminum  or  monel  for  liquid 
service.  Carbon -steal  or  bronze-body  gate  and -globe  valves  are  recommended  for 
gaseous  service  and  packl.ss  valves  of  the  bellows  type  or  packed  valves  with 
tetrafluorethylcne  packing  for  liquid  service.  Valve  plugs  and  seats  should  be 
of  dissimilar  materials  such  as  stainless  steel,  monel,  aluminum  or  copper.  For 
gaskets  soft  aluminum  or  copper  is  recommended  in  gaseous  or  liquid  fluorine 
service.  Liquid  fluorine  pumps  have  been  designed  and  demonstrated  by  NASA  and 
many  rocket  engine  manufacturers. 

One  major  concern  of  personnel  unfamiliar  with  the  handling  of  fluorine  has 

been  the  safety  hazards  associated  with  the  use  of  the  oxidizer.  Experience  has 
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shown  tnat  this  concern  has  been  unwarranted.  Over  a  hundred  million  pounds  of 

s  '  \ 

fluorine  have  been  produced,  handled  and  used  during  the  past  two  decades,  and 
during  the  last  ). 0  years  of  industrial  experience  no  single  serious  injury  caused  by 
fluorine  lias  been  reported  either  by  the  industrial  producers  or  the  Atomic  Energy 
Commission.  If  proper  precautions  are  taker.,  fluorine  proved  to  be  no  more  diffi¬ 
cult  to  handle  than  other  reactivp  or  toxic  chemicals  commonly  used.  There  is  no 
protective  clothing  tliat  affords  complete  protection  under  all  conditions,  but  for 
short  intervals  of  contact  with  low-pressure  gas  or  splashes  of  liquid  fluorine, 
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neoprene  gloves,  coa;s  ar.d  boots  are  recommended.  Safety  glasses  must  be  worn 
at  all  times.  Face  shields  preferably  made  from  transparent  fluorinated 
polymers  are  recommended.  The  most  important  point  to  remember  is  that  all 


protective  clothing  should  be  designed  and  used  in  such  a  manner  that  it  can  be 
shed  easily  and  quickly.  Another  important  item  of  general  concern  is  the  toxicity 
fluorine.  Tne  harmful  effects  on  the  human  body  are  essentially  non- cumulative, 
and  limited  exposures  can  be  repeated  daily.  The  pungent  odor  of  fluorine  is 
detectible  in  concentrations  as  low  as  20  parts  per  billion  which  is  considerably 


below  the  safe  working  level. 


This  characteristic  can  be  considered  as  a  built-in 


alarm  system  which  makes  it  impossible  for  personnel  to  inhal'i  dangerous  con- 
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centrations  of  fluorine  unless  they  are  unable  to  escape  the  area  of  the  gas 
contamination.  In  contrast  to  many  other  toxic  propellants,  the  effect  of  fluorine 


on  the  human  body  is  clearly  predictable.  It  is  limited  to  the  lungs  and  has  no 
insidious  side  effects  on  other  organs  of  the  blood  stream  and  the  nervous  system. 
Evaluation  of  animal  toxicity  data  suggests  that  exposure  to  12  ppm  fluorine  for 
5  minutes  will  cause  no  permanent  respiratory  damage  and  that  at  least  5  ppm 
should  be  tolerable  for  short  single  exposures  from  the  comfort  standpoint.  The 
very  latest  information  is  presented  on  short-term  animal  toxicity  tests  with 

fluorine  from  5  minutes  to  one  hour  which  were  carried  out  in  1966  at  the  Depart- 
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ment  of  Pharmacology,  School  of  Medicine,  University  of  Miami, "Florida.  As  a 
result  of  this  investigation  it  is  expected  that  the  presently  recommended  EEL 
limits  will  be  revised.  There  are  various  Commercial  detecting  devices  available 
for  the  continuous  monitoring  of  fluorine  in  the  atmosphere.  The  Tracer  Lab 
analyzer  is  based  on  the  reaction  of  fluorine  with  the  quinol  clath-rate  containing 
krypton  85,  and  the  MSA  billionaire  depends  on  the  use  of  an  ionization  chamber  to 
detect  an  aerosol.  The  clath-rate  detector  is  more  specific  to  fluorine  than  the 


MSA  analyzer.  Other  detectors  have  been  developed  on  the  laboratory  scale  but 
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are  not  available  commercially. 

\. 

Accidental  spillages  of  liquid  fluorine  can  be  controlled  either  with 
water  in  the  form  of  a  fine  spray,  or  fog,  and  smaller  spills  can  be  decon- 
-taminated  with  powdered  soda  ash  or  bicarbonate.  Thfe'heat  of  reaction  with 
water  causes  the  light  gaseous  HF  to  rise  almost  vertically  and  to  diffuse 
quickly  into  the  atmosphere. 

In  addition  to  fluorine,  OF  ,  FLOX  and  halogen  fluorides  such  as  CIF 

** 

and  CIF^  are  being  considered  as  oxidizers  in  the  rocket  program.  The  com¬ 
patibility  with  metals,  handling  and  safety  procedures  are  very  similar  for 
all  these  oxidizers.  Oxygen  difluoride  is  in  a  different  category  regarding  its 
toxicity.  Since  it  is  less  reactive  and  irritating  than  fluorine,  it  can  be  inhaled 
unknowingly  in  dangerous  concentrations.  In  that  respect  it  can  be  compared 
with  the  boranes.  Because  of  its  higher  toxicity,  cor  cider  ably  more  stringent 
precautions  are  required  for  the  handling  of  OF2.  For  decontamination  of  OF2 
water  is  unsuitable  since  it  does  not  react  with  the  compound, but  dilute 
ammonia  solutions  are  recommended  for  that  purpose. 

It  is  concluded  that  fluorine  can  be  readily  produced,  shipped,  stored 
and  handled  if  proper  precautions  are  taken.  The  present  state  of  the  art 
permits  the  design  and  development  of  fluorine  engine  propulsion  systems  and 
ground  handling  equipment  through  a  straight-forward  engineering  approach. 
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ADVANCED  THRUST  CHAMBER  COOLING 


Clifford  D.  Coulbert 
THE  MARQUARDT  CORPORATION 
Van  Nuys,  California 
February  7,  1967 

Mr.  Coulbert  received  the  MS  in  Mechanical  Engineering  at  UCLA  where  he  spent 
some  years  on  the  research  staff.  He  joined  the  Marquardt  Corporation  in  1953 
and  is  now  Manager  of  Advanced  Technology  Programs  in  the  Rocket  Systems 
Division.  His  research  encompasses  spacecraft  rocket  engine  cooling  techniques, 
including  applications  of  pyrolytic  graphite  and  related  materials. 

All  rocket  engines  have  one  problem  in  common:  The  energy  released  by 

the  propellants  must  be  contained,  and  the  thrust  chamber  and  any  surrounding 

structure  must  be  protected  and/or  cooled.  Concepts  developed  to  cope  with 

this  problem,  either  singly  or  in  combination,  include  regenerative  cooling, 

radiation  cooling,  film  or  transpiration  cooling,  ablation,  and  inert  or 

endothermic  heat  sinks.  In  addition  to  this  primary  requirement  for  cooling 

i 

during  firing,  the  design  of  thrust  chambers  for  launch,  space  or  tactical  ap¬ 
plications  pose  additional  special  problems  related  to  (1)  long  time  storage  on 
earth  or  in  space,  (2)  starting  and  intermittent  operation  or  throttling,  (3)  shut¬ 
down  and  postrun  soaking  in  a  space  environment,  and  (4)  entry  at  high  velocity 
into  planetary  atmospheres  .  '■ 

Furthermore,  the  various  cooling  concepts  may  be  used  separately  or 
combined  in  different  ways  for  each  of  the  thrust  chamber  components,  such  as 

the  combustion  chamber,  the  nozzle  throat  and  the  expansion  nozzle. 

/ 
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The  objective  of  this  lecture  is  to  present  the  ranges  of  applicability  and 
the  limitations  imposed  on  these  various  cooling  concepts.  New  materials, 


composites,  and  more  sophisticated  combined  cooling  designs  are  providing 
increased  cooling  capability  for  the  advanced  high  energy  propellants  including 
fluorinated  oxidizers  and  metal  containing  fuels. 

The  function  and  size  of  the  engine  establish  several  important  cooling 
design  parameters,  such  as  engine  location,  thrust  level,  burn  time,  and  duty 
cycle. 

The  propellant  choice  determines  the  combustion  gas  temperature  and 
composition.  Several  propellants  are  excellent  coolants  (such  as  hydrogen)  while 
others  are  thermally  unstable  (such  as  diborane),  and  the  combustion  gas 
constituents  vary  widely  in  their  compatibility  with  candidate  thrust  chamber 
materials.  Typical  operating  characteristics  and  propellant  choices 
associated  with  five  different  propulsion  requirements  are  shown  in  Figure  1. 

What  dictates  the  choice  of  cooling  scheme?  As  the  severity  of  the 
operating  conditions  increase,  the  choice  of  cooling  technique  becomes 
limited  or  material  capability  must  increase  or  cooling  techniques  may  be 
combined.  Factors  which  increase  the  severity  of  operating  conditions  are: 

.  Increased  run  times 

.  Higher  chamber  pressures 

.  Hotter  propellants 

.  Chemical  reactivity  with  structural  materials 

.  Buried  installation  or  chamber  outer  wall 
temperature  limits 

.  Throttling  and  restarts 

These  are  desirable  directions  because  they  usually  provide  greater 
mission  capability,  increased  payloads,  high  specific  impulse,  etc. 


As  we  survey  the  capability  of  the  available  cooling  techniques,  it's 
hard  to  generalize  completely  but  one  can  show  trends  as  in  the  chart  of 
Figure  2  which  outlines  the  general  operating  regimes  of  several  cooling 
^techniques  as  a  function  of  chamber  pressure  an'd'gas  temperature.  Increased 
gas  temperatures  are  attained  by  going  to  hotter  propellants,  such  as  from 
cold  gas  to  monopropellants,  such  as  peroxide  and  hydrazine  to  L.OX/RP, 

^2®4>  Fluorine  and  on  to  the  OF^  and  metal  fuel  combinations  including 
lithium  and  beryllium  systems. 

Typical  propellant  flame  temperatures  and  exhaust  products  are  shown 
in  Figure  3.  Temperatures  above  7000°F  will  exist  in  high  performance 
systems.  Temperatures  approaching  9<J00oF  may  be  attained  in  lithium 
combustion. 

A  more  detailed  review  of  the  advantages  and  limitations  of  each  cooling 
concept  is  presented  below.  Of  course,  the  limitations  described  may  be 

overcome  as  materials  improve  and  cooling  techniques  are, combined. 
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P.adiation  Cooling 

The  equilibrium  temperatures  reached  by  the  walls  of  a  refractory 
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metal  thrust  chamber  cooled  only  by  radiation  to  the  surroundings  may  be 
expressed  in  simplified  form  by  the  familiar  steady-state  equation 

q/A  .  h(Tg  -  Tw)  .eotV*  .  if 

A  graphical  presentation  of  this  relationship  is  shown  in  Figure  4. 

Where  conditions  permit  steady-state  operation,  radiation-cooled 

engines  have  the  advantages  of  lightweight,  simple  structure,  and  long 

operating  life.  They  are  capable  of  high-frequency  pulsing  or  variable -thrust 

operation  anc}  are  not  subject  to  dimensional  change  during  operation. 
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Experimental  heat  transfer  rates  in  small  thrust  chambers  can  be 
controlled  by  injector  design  (leading  to  film  cooling  or  combustion 
stratification)  to  permit  chamber  pressures  well  above  theoretical  limits. 

The  characteristic  limitation  on  radiation  cooling  is  availability  of 
coatings  and  materials  that  can  operate  at  equilibrium  temperatures  above 
3000°F  in  the  combustion  environment.  Disilicide  coated  refractory  metalB 
have  demonstrated  the  best  performance  with  propellant  gases  containing 
water  vapor.  At  higher  temperatures  a  promising  material  system  is  an 
alloy  of  hafnium  and  tantalum.  For  propell^t  gases  containing  fluorine 
products,  the  most  promising  materials  are  the  carbons  while  silicon  bearing 
materials  are  not  usable. 

Regenerative  Cooling 

Regenerative  cooling  has  long  been  the  conventional  method  for  cooling 
liquid  rockets.  The  coolant(s)  (one  or  both  of  the  propellants)  is  (are) 
circulated  through  cooling  jackets  or  through  contoured  thin-walled  tubes  that 
form  the  chamber  walls. 

The  metal  walls  operate  at  relatively  low  temperatures  (<^  2000°F) 
compared  to  the  gas  temperatures  (450(£*6000°F);  heat  fluxes  range  from 
1-10  Btu/in.  sec.  Basic  advantages  are:  1)  continuous  long  run  times  are 
possible,  2)  there  is  negligible  heat  loss  from  the  propulsion  cycle  due  to 
cooling,  and  3)  with  modern  fabrication  techniques,  the  chamber  structure  is 
relatively  light  compared  to  typical  uncooled  structure. 

Three  factors  describe  the  nature  of  the  operating  limits  for 
regenerative  cooling:  pressure,  fabrication  limits,  and  coolant  heat  capacity. 
The  results  of  specific  studies  of  chamber  pressure  limits  vs.  engine  thrust 


capabilities  for  various  propellant  combinations  are  shown  in  Fig.  5. 

Three  lines  define  the  boundaries  of  feasibility  in  Fig.  5.  The  maximum 
chamber  pressure  line  is  fixed  by  the  available  propellant  supply  pressure. 


which  must  be  greater  than  the  sum  of  the  chamber  pressure,  the  propellant- 
injector  pressure,  and  the  coolant  circuit  pressure  loss.  Propellant  supply 
pressure,  in  turn,  depends  on  the  result  of  a  system  weight  optimization, 
and  whether  the  propellants  are  pump-fed  or  pressure-fed.  The  upper- 
left  line  which  limits  minimum  thrust  depends  on  the  minimum  practical 
coolant  passage  height  at  the  nozzle  throat,  assumed  to  be  0.060  in.  for 
this  plot.  (The  heat  flux  capability  of  the  liquid  propellants  is  directly 
related  to  coolant  pressure  and  velocity;  velocity  may  be  increased  by 
decreasing  the  flow  area,  subject  to  pressure  loss  and  fabrication  limita¬ 
tions.  )  The  lower  line  which  limits  minimum  thrust  is  determined  by  the 
allowable  bulk  temperature  rise  for  the  coolant.  For  propellants  such  as 
^2^4.  the  bulk  temperature  limit  is  the  saturation  temperature,  whereas  for 
fuels  such  as  pentaborane,  hydrazine  or  RP-1,  the  limit  is  the  thermal 
decomposition  temperature  which  would  cause  solids  formation  or  an 
explosion;  e.g.  ,  the  coolant-side  wall  temperature  limitation  for  Aerozine  50 


(0.5  N2H4-O.5  UDMH)  is  500°-600°F.  For  hydrogen,  the  limit  is  determined 
only  by  the  required  temperature  difference  (to  achieve  heat  transfer)  between 
the  wall  and  the  hydrogen;  the  lower  curve  in  Fig.  5  is  drawn  for  a  hydrogen 
temperature  limit  of  1000°F.  These  coolant  temperature  limitations 
determine  how  much  of  the  thrust  chamber  area  can  be  cooled.  In  Fig.  5  the 
thrust  limit  curves  are  drawn  for  the  case  of  cooling  the  chamber,  the 
nozzle  throat,  and  the  expansion  section  to  an  area  ratio  of  5;  greater 


relative  areas  can  be  cooled  for  engines  falling  above  .the  line,  and  vice 
versa. 

Specific  design  conditions  could  alter  the  locations  of  these  regenerative 

- ...  - 

cooling  envelopes,  but  the  trends  would  remain  the  same.  It  is  seen  that 
regenerative  cooling  is  best  suited  to  high-thrust,  pump-fed,  main- 
propulsion  engines.  Current  design  studies  indicate  that  chamber  pressures 
from  2000-5000  psia  are  feasible  and  that  cooling  limits  may  be  extended 
further  through  the  use  of  auxiliary  film  cooling  and/or  refractory  metals. 
Ablative  Cooling  (Char-Forming  Plastics) 

The  thrust  chamber  can  be  lined  with  a  solid  matrix  containing  a 
substance  that  pyrolyzes  to  form  gases  which  in  turn  act  as  a  transpiration 

coolant.  (This  technique  has  been  extensively  used  to  protect  re-entry 

* 

vehicles.)  For  engines  using  N^O^/hydrazine  blends  and  propellants, 

the  oriented-silica-fiber  reinforced  phenolics  have  consistently  shown 

superior  performances  over  many  other  ablative  materials. 

This  has  been  attributed  to  the  formation  of  a  very  viscous  protective 

film  of  molten  silica  and  to  the  favorable  structural  and  insulating 

qualities  of  the  char.  Numerous  thermodynamic  processes  are  involved: 

heat  absorption,  heat  conduction,  resin  depolymerization,  silica-carbon 

reaction,  transpiration  cooling,  evaporation,  radiation,  etc.  A  variety  of 

analyses  have  been  developed  to  account  for  these  phenomena  and 

facilitate  calculation  of  charring  and  surface  recession  rates. - 

An  analysis  of  transient  temperature  response  data  on  several 

ablative  nozzle  firings  at  the  NASA  Lewis  Research  Laboratory  and  at 

Marquardt,  and  a  comparison  with  a  slab  heat  *'onduction  analysis  carried 

X  + 


out  with  the  IBM  704  digital  computer,  ./assuming  only  conduction  heat  transfer, 
revealed  that  i.he  experimental  char  depth  and  transient  temperature  response 
could  be  predicted  approximately,  neglecting  the  other  phenomena.  The 
“Correlation  of  a  large  amount  of  data  has  produced  the  following  relationship 
between  char  depth  £  ,  an  effective  thermal  diff u $ ivity et ,  and  run  time  0: 

<fn  Z.  0(CC  0)  •• 

The  successful  prediction  of  surface  recession  rates  on  so  simple  a 
basis  has  not  been  accomplished  for  any  general  case,  but  useful  empirical 
correlations  have  been  achieved  for  limited  ranges  of  applications. 

For  chamber  applications  involving  fluorine  containing  oxidizers,  the 
carbon  reinforced  phenolics  have  proved  superior  to  the  silica -phenolics . 
Newer  carbon  composites  such  as  carbon  fiber  based  graphite  or  pre-charred 
and  impregnated  carbon  fiber  materials  appear  most  promising. 

Heal  Sink  Cooling 

The  primary  limitation  on  this  transient  heating  approach  is  the  run 
time  available  before  one  of  two  limiting  surface  temperatures  is  reached: 

1)  the  melting,  subliming,  or  softening  temperature  at  which  the  material 
would  flow  or  erode  rapidly,  or  2)  ther temperature  at  which  the  oxidation  or 
reaction  rate  with  the  combustion  gases  would  be  excessive.  Heat  sink 
materials  should  have  high  heat  capacity,  high  thermal  conductivity,  high 
structural  temperature  limits,  and  compatibility  with  combustion  gases. 
Pyrolytic  graphite,  isotropic  graphite,  and  tungsten  top  the  list  for  use  with 
high-temperature  propellants.  Oxidation  of  these  materials  is  the  critical 
problem  with  all  combustion  gases  containing  C0j>  and  HjjO.  Surface  coatings 
for  graphite  and  tungsten  offer  only  a  partial  solution  to  this  problem,  since 


Effects  01  various  parameters  on  heat-sink  run  time  capability  are 
:;hown_by  Fig.  6.  A  dimensionless  heat-transfer  parameter,  hr^k,  is 
plotted  against  a  dimensionless  run-time  parameter,  e£.0/ri^,  for  various 
values  of  the  wall-thickness  to  inside-radius  ratio,  t/rj.  Here  6  is  the  time 
required  to  raise  the  wall  temperature  by  an  amount  equal  to  half  the 
initial  temperature  difference  between  the  gas  and  the  wall.  The  limiting 
or  "envelope"  curve  represents  the  locus  of  points  for  which  increased  wall 
thickness  could  not  increase  the  run  time  parameter;  in  other  woi*ds,  for  a 
given  value  of  hr^/k,  this  curve  gives  the  maximum  value  ofscQ/rj  achiev¬ 
able  regardless  of  wall  thickness. 

For  example,  if  ■  0.  1  is  desired,  nothing  would  be  gained  by 

making  t/rj  greater  than  0.  67,  and  the  maximum  hr^k  that  could  be  handled 
;or  that  run  time  would  be  3.  From  the  individual  curves,  it  can  be  seen 
that  for  the  relatively  thin-walled  cylinders  that  one  would  consider  accept¬ 
able  for  the  combustion  chamber  (t/r^  —^0.  1),  the  run  time  parameter  is 
inversely  proportional  to  the  heating  parameter.  For  very  thick  walls, 
which  might  be  acceptable  only  in  the  nozzle  throat,  i.e.,  working  along  the 
envelope  curre,  it  i*  seen  that  the  run  time  can  be  increased  by  a  factor 
near  5  if  the  convective  heat-transfer  coefficient  is  halved. 

The  over-all  conclusions  from  Fig.  6  is  that  the  inert  heat  sink 
approach  is  applicable  for  small  engines  with  low  to  moderate  chamber 
pressures  {low  h).  The  use  of  limited  film  cooling  to  extend  run  time  may 
attractive  for  special  applications.  Theoretically,  run  times  for  heat 
sink  nozzles  can  also  be  extended  th.rqqeh  the  Of  endothermic  materials. 


such  as  subliming  salts,  lithium  compounds,  and  low-melting-point  rnetals, 
which  can  absorb  large  amounts  of  heat  through  a  phase  change.  The 
endothermic  materials  may  be  impregnated  into  porous  refractory  wall 

...  -  -  ,  ''C~ 

materials  or  used  to  back  up  the  walls  as  an  insulator  as  well  as  a  heat  sink. 
Film  and  Transpiration  Cooling 

In  film  cooling,  the  fluid  i9  introduced  directly  into  the  thrust  chamber 
through  slots  or  holes  and  directed  along  the  wallB .  This  layer  of  liquid  or 
gas  absorbs  heat  and  thickens  the  effective  boundary  layer,  thus  reducing 
the  heat  flux  to  the  walls.  Cooling  films  may  be  supplied  from  several 
sources.  One  source  is  a  propellant  injector  designed  such  that  a  separate 
supply  of  fuel  is  injected  along  the  chamber  walla  during  firing,  thus 
producing  a  fuel-rich  boundary  zone.  Alternatively,  a  fraction  of  the  fuel 
or  oxidizer  can  be  routed  directly  to  slots  or  holes  in  the  chamber  wall 
just  ahead  of  the  critical  nozzle  cooling  area.  Or,  a  separate  supply  of 
coolant  (liquid,  gas,  or  solid)  can  be  metered  separately  or  controlled  by 
the  heat  flux  (causing  melting,  expansion,  or  evaporation)  to  provide  flow 
through  slots  or  holes  in  the  nozzle  surface.  Cooling  of  this  latter  type  has 
been  studied  for  solid-propellant  motor  application. 

Transpiration  cooling  may  be  thought  of  as  a  special  case  of  film  cool¬ 
ing  in  which  the  slot  or  hole  spacing  becomes  very  small  {porous  surface). 
Many  of  the  same  design  considerations  apply,  but  the  available  analytical 
design  equations  differ.  Coolant  sources  are  usually  1)  pressure -fed  fuel, 
water,  hydrogen,  or  other  aaolant  or  2)  a  material  such  as  copper,  lithium, 
or  a  subliming  salt  with  which  the  porous  refractory  wall  has  been 
impregnated.  Transpiration  cooling  is  most  applicable  to  one-shot,  constant 


thrust  engines  due  to  thy  problems  of  flow  control  and  shutdown  effects . 

There  are  no  inherent  limitations  on  the  coolant  capability,  run  time, 
or  chamber  pressure  with  either  film  or  transpiration  cooling.  If  one  of  the 
propellants  or. an  inert  fluid  is  used  as  a  coolant  at  the  nozzle  throat,  there 
may  be  a  performance  penalty  (I0p  leas,  where  coolant  flow  is  counted  as 
added  propellant  flow  in  the  Igp  calculation).  However,  coolant  introduced 
well  ahead  of  the  nozzle  throat  may  completely  mix  and  react,  thus  causing  no 
loss.  . 

Application  to  engines  is  limited  by  possible  coolant  waste  in  starting 

■’?  .  /  |  }  .  v 

and  residual  flow  from  coolant  passages  after  shutdown.  Plugging  of  film 
cooling  passages  or  transpiration  media  may  be  caused  by  either  thermal 
decomposition  during  operation  or  by  freezing  between  firings. 

Current  research  on  the  practical  application  of  transpiration  cooling 
to  high  chamber  pressure  engines  has  lead  "o  the  development  of  transpira¬ 
tion  cooled  walls  composed  of  a  stack  of  many  thin  discs  with  multiple  slots 
on  the  surface  of  each  disc.  y 

Combined  Cooling  Techniques  and  Advanced  Concepts  % 

There  are  several  propellant  systems  for  which  no  completely 
satisfactory  cooling  technique  for  reasonable  run  times  has  yet  been  devel¬ 
oped.  Examples  are  fluorine -based  oxidizer 8,  such  as  OF 2  and  CIF3,  used 
with  fuels  containing  such  metals, as  boron,  aluminum,  beryllium,  and 
lithium.  These  propellants  give  combustion  gas  temperatures  in  the  6000°- 

'  '  _  ■  v-  . :  ;  *r.  ■';>*.  •  . 

8000°F  range,  and  the  combustion  products  may  be  highly  erosive  and 
corrosive  on  the  available  refractory  metals  and  carbides.  Throat  heat 
ilexes  may  fall  in  the  15-25  Btu/in.  second  range  for  a'  chamber  pressure 


of  600  psia  (and  increase  with  pressure,  cf  courue).  At  these  conditions, 
the  very  best  inert  heat  sinks  would  reach  temperatures  of  5000°F  in  less 
than  20  sec.  The  other  cooling  techniques,  which  do  not  involve  a 
performance  loss  such  as  regenerative,  ablative,  and.  radiation,  will  not  do 
the  job  alone;  some  form  of  film  or  transpiration  cooling  is  required. 

When  film  or  transpiration  cooling  is  required,  the  objective  i9  to 
minimize  the  required  coolant  flow,  which  depends  on.  the  surface  area  to 
be  cooled  and  also  the  wall  temperature.  Therefore,  the  engine  surfaces 
should  be  held  at  the  highest  temperatures  consistent  with  structural 
integrity.  Materials  with  the  highest  temperature  capabilities  are  the 
graphites,  tungsten,,  and  the  carbides  of  hafnium  and  tantalum.1  Structurally, 
graphite  and  tungsten  are  capable  of  operation  above  f>000°F  (the  structural 
capability  of  the  carbides  has  net  been  demonstrated),  but  all  of  these 
materials  are  subject  to  oxidation  and  erosion  by  the  combustion  gases  even 
at  5000°F,  so  that  they  must  be  cooled  to  somewhat  lower  temperatures. 

Most  advanced  cooling  studies  now  in  progress  are  related  to  ways  of 
generating  coolant  films  either  on  a  transient  or  steady-state  basis.  Develop- 

:  '  ,  v  vj-  : 
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ment  problems  lie  in  the  areas  of  refractory  material  formulation,  nozzle 
design  and  fabrication,  coolant  selection  and  supply  techniques;  Particular 
problems  include  passage  plugging  by  coolant  or  combustion  products, 
coolant  distribution,  starting  and  shutdown  phenomena,  limits  on  run  time 
and  thrust  variability,  and  thermal  expansion  and  sealing  provisions. 
Concluding  Remarks 

Most  of  the  material  included  in  this  lecture  summary  has  been  extractec 
from  the  article  by  the  author  published  in  the  3TOURNAL,  OF  SPACECRAFT 


AND  ROCKETS  of  March,  1964.  This  article,  "Selecting  Cooling  Techniques 

for  Liquid  Rockets  for  Spacecraft"  also  includes  an  extensive  unclassified 
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ROCKET  PERFORMANCE  PREDIGTLON 
AND  ANALYSIS 

SUMMARY 

fay 

R.  S.  Valentine 

—  -  (February  14,  1967)  ■& 

Dr.  Valentine  holds  the  U5S  degree  from  the  University  of  Illinois  and  the  PhD 
degree  from  the  University  of  Washington  -  both  in  Chemical  Engineering.  After 
five  years  with  Chevron  Research  Corporation  where  he  was  engaged  in  petro¬ 
chemical  research,  he  joined  Aerojet -General  where  he  is  now  Manager  of  the 
Fluid  Dynamics  Section,  Liquid  Rocket  Operations.  He  holds  12  patents  and  has 
authored  extensive  publications. 

P„ocket  engine  performance  is  determined  by  the  potential  of  the  propellant 

system,  the  operating  conditions  and  the  physical  design  characteristics  of 

♦ 

the  thrust  chamber.  The  variations  between  the  ideal  performance  of  a  perfect 
engine  and  that  actually  attained  by  a  real  engine  is  the  result  of  such  physical 
conditions  as  boundary  effects,  heat  losses,  curvature,  finite  reaction  rates, 
two  phase  flow  and  non-homogeneous  mass  and  mixture  ratio  distribution. 
Perfect  Engine  Concept 

Liquid  rocket  performance  calculations  are  greatly  simplified  if 
w»»c  assumes  a  "perfect  engine"  condition,  i.e.,  perfect  injector,  chamber, 
and  nozzle  operation.  For  this  model,  specific  impulse  is  only  a  function  of  the 
propellant  combination  and  the  combustion  products,  because  complete 
combustion  of  the  propellant  and  ideal  expansion  of  the  combustion  gases  are 
presumed.  Thus,  for  the  perfect  engine  the  following  conditions  are  applicable: 


(1)  One -dimensional  flow 


(2)  Adiabatic  and  reversible  flow 

(3)  Chemical  equilibrium  among  the  combustion  products 

1  hvou-ghout  the  entire  expansion  process .  ‘ 

(4)  Equilibrium  multiphase  flow 

(5)  Homogeneous  composition  of  combustion  products 

(6)  Complete  combustion 

On  the  basis  of  the  above  conditions  or  assumptions,  thermo- 
chemical  calculations  can  be  made  to  determine  the  composition  and 
properties  (density,  temperature,  pressure,  and  velocity)  of  the  combustion 
gases  at  any  point  in  the  expansion  process. 


The  perfect  injector  concept  represents  the  maximum  performance 
attainable  in  a  rocket  engine  assuming  ideal  performance  up  to  the  throat, 
but  taking  into  account  expansion  nozzle  ldBses  for  a  specific  configuration 
and  area  ratio.  For  thir  concept,  the  following  conditions  are  applicable. 

(1)  Three-dimens ional  flow 

(2)  Bomidary  layer  effects  (friction  and  heat  transfer) 

(3)  Finite  reaction  and  relaxation  rates  t 

(4)  Nonequilibrium  multiphase  flow 

(5)  Homogeneous  composition  of  combustion  products 

{6}  Complete  combustion  ’ 

The  first  four  of  the  above  conditions  represent  deviations  from  the 
first  four  conditions  of  the  perfect  engine  coafcept,  and  the  remaining  two 
conditions  are  identical  to  the  perfect  engine  concept.  These  deviations  will 
result  in  the  following  performance  loss  definitions-. 


40 


(1)  Nozzle  car /stare  arid  divergence  performance  loss  -  This 
represents  the  difference  iu  performance  between  the  cns-dhnenaional  and 
three-dimensional  flow  conditions  .  -■£ 

{2}  EcMinda ry  layer  performance  loss  -  This  represents  the 
difference  in  performance  between  isentropic  and  ndttisentropic  flow  due  to 
friction  arid  heat  transfer  effects.  <  .vj 

•  |  (3)  Finite  rate  performance  loss  -  This  represents  the  dif¬ 
ference  in -performance  between  total  shifting  equilibrium  expansion  and 
nonequilibriurn  expansion  because  of  finite  reaction  and  relaxation  rates. 

(4)  Gar/ Particle  -flow  performance  loes  -  This  -. represents  the 

difference' in  performance  between  equilibrium  and  nonequilibrium  multi¬ 
phase  combustion  product  flow.  - 

P.cai  Engine  Concept 

v  The  real  engine  concept  considers  specific  impulse  to  be  a 
function  of  the  propellant  combination;  the  injectqr/chamber  design  and 
operation,  the  combustion  products,  and  the  nozzle  expansion” .des ign  and 
operation;  For  the  real  engine  concept,  the  following  conditions  are 

'  /■  '  •  •  /. .  y  .  .  ■ 

applicable:  .  •  ■  •£:  :  • 

(1)  Three-dimensional  flow  |5.  '■ 

(2)  Boundary  layer  effects  J|  • 

(3)  Finite  reaction  and  relaxation  rates  p 

' :  .  -  £  - 

'■  (4)  Nonequilibrium  multiphase  flow  '  •  ( 

(5)  Ncnhomogeneous  composition  of  combustion  ^products 

(6)  Incomplete  energy  release  i£ 


The  first  four  of  the  above  conditions  are  identical  to  the  perfect 

injector  conditions  and  thus  can  be  accountedfor  by  the  performance  losses 

\. 

defined  in  the  discussion  of  the  perfect  injector  concept.  The  remaining 
two  conditions,,  however,  represent  deviations  from  t|*£  last  two  conditions 
of  both  the  perfect  injector  and  perfect  engine  conditions,  and,  as  such, 
will  i csuit  in  the  following  performance  loss  definitions: 

(1)  Mixture  ratio  distribution  performance  loss  -  This  represents 

the  difference  in  performance  between  homogeneous  and  nonhomogeneous 
combustion  products .  - 

‘4" 

(2)  Energy  release  performance  loss  -  This  represents  the 
difference  in  performance  between  complete  and  incomplete  energy  release. 

Sources  of  Losses 

The  performance  losses  which  determine  the  performance  of  a 

real  rocket  engine  are  the  result  of  the  physical  conditions  noted,  and  their 

’■.y  ,JI 

mutual  interactions.  For  example,  consider  kinetic  losses,  which  occur 
when  the  rate  of  recombination  reactions  is  insufficient  to  allow  recovery  of 
ihe  energy  of  dissociation  in  the  residence  time  available.  This  phenomenon 
.s  a  function  of  the  chemical  species  present,  and  thus  the  mixture  ratio. 
Therefore,  non-homoger.eous  mixture  ratio  distribution  will  have  an  effect 

|j|  h'~ 

on  the  overall  kinetic  loss.  In  addition,  since  dissociation  is  temperature 
dependent,  a  reduction  in  energy  release  efficiency  from  the  theoretical 

/  ;  .;v 

maximum  will  result  in  a  lower  stagnation  temperature  in  the  chamber,  and 

\a£,. 

n  turn,  lower  kinetic  losses.  Similar  interactions  exist  between  several  of 
ihe  other  physical  effects  which  influence  performance. 


As  a  result  of  these  interactions,  ia  lose  can  occur  in  the  expansion 

nozzle  because  of  a  condition  which  exists  in  the  combustion  chamber.  For 

/ 

this  reason,  parameters  such  as  c*  and  Cp  can  be  grossly  misleading.  The 
best  parameter  for  evaluation  of  performance  is  which  contains  the  over¬ 
all  effects  of  losses  from  each  source  as  well  as  the  interaction  effects. 

Effects  of  Operating  Variable 

/ 

The  magnitude  of  the  performance  leases  which  result  from  the 
physical  conditions  associated  with  the  real  engine  concept  ie  a  function  of  the 
operating  conditions.  Losses  such  as  boundary  effects',  finite  rate  and  two 

phase  flow  effects  are  a  function  of  the  thrust  level.  The  pressure  lefrei  and 

•  * 

area  ratio  have  a  significant  influence  on,  for  example,  kinetic  losses.  The 
loss  resulting  from  non-homogeneous  mixture  ratio  distributions  may  change 
by  an  order  of  :magnitude  as  the  overall  cbixture  ratio  of  the  engine  is  varied. 
Because  of  frhese  factors  and  the  interactions  mentioned  previously,  the 
performance  of  an  engine  over  a  wide  throttling  range  can  exhibit  char¬ 
acteristics  which  would  defy  prediction  by  use  of  c*  and  Cp  as  performance 
parameters. 

Experimental  Measurements 

Performance  related  parameters  which  can  be  measured  in 
experimental  tests  include  thrust,  chamber  pressure,  ambient  pressure, 
throat  area,  exit  area,  weight  flows  and  temperatures.  These  parameters, 
with  the  exception  of  chamber  pressure,  can  be  used  to  determine  the  actual 
measured  I8p  of  a  rocket  engine  with  sufficient  information  to  convert  it  to 
vacuum  performance".  Chamber  pressure,  or  any  parameter  derived  from 
it,  can  only  be  used  fur'  comparative  tests  on  identical  units  or  for  engine 
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balancing.  It  is  not  generally  useful  for  evaluating  absolute  performance 
levels  . 

Design  Constraints 

For  each  propellant  system,  set  of  operating  conditions  and 

- - 

envelope  the:  e  is  an  optimum  injector/chamber/ nozzle  design  which  will 

v 

maximize  performance  consistent  with  satisfactory  stability  and  reliability. 
Trade-offs  between  high  steady-state  performance,  transient  performance, 
cooling  and  factors  affecting  stability  must  be  made  consistent  with  system 
requirements.  General  statements  can  be  made  however  about  the 
desirability  of  even  mixture  ratio  distribution,  the  relationship  between 
pattern  design  and  chamber  volume  requirements  and  the  effects  of  mass 
distribution  on  compatibility  and  stability.  These  general  rules  can  be  used 
as  preliminary  criteria  for  establishing  chamber  length,  nozzle  area  ratio 
and  length,  contraction  ratio,  choice  of  element  design,  and  hydraulic 
characteristics  of  the  injector  manifolds. 

Performance  Star.dardixation 

Recently,  a  committee  of  the  ICRPG  Performance  Standardization 
Working  Group  has  undertaken  the  task  of  selecting  the  best  available  methods 
for  evaluating  rocket  engine  performance.  The  committee  has  tentatively 
chosen  the  interaction  theory  approach  discussed  above  as  itss recommendation  for 
a  proposed  national  standard.  The  problems  associated  with  a  standardized 
procedure  include  choice  of  calculation  method  for  individual  losses  and  insur- 
ing  that  best  methods  are  available  to  all  users.  The  goal  is  to  devise  a  work¬ 
able  program  which  will  allow  performance  prediction  within- 1%  of  the  true 

'( ’ 

value  for  systems  operating  at  steady  state  at  over  100  lbs.  thrust. 


Nuclear  Rocket  Engine  Reactors 


and 

Engine/ Vehicle  Integration 

The  aim  of  this  lecture  is  to  survey  the  physical  bases  of  nuclear 
rocket  reactors  and  to  show  from  these  bases  the  motivation  for  or 
reason  why  nuclear  rocket  reactors,  engines,  and  vehicles  have  the 
characteristics  which  characterize  them  and  differentiate  them  from 
chemical  rocket  engines  and  vehicles.  ; 

This  is  accomplished  at  three  successive  levels  of  nuclear  rocket 
systems.  First,  a  summary  is  given  of  the  principal  features  of  nuclear 
rocket  reactors,  with  emphasis  on  their  characteristics  as  arising  from 
basic  physical  principles.  This  background  is  related  to  detailed  engineer¬ 
ing  characteristics  of  current  nuclear  rocket  engine  programs.  Next,  a 
survey  is  given  of  engine /vehicle  interaction  effects  and  integration  prob¬ 
lems,  again  emphasizing  fundamental  physical  bases  and  limitations  on 
integration  areas,  illustrating  considerable  differences  from  chemical 
rocket  practice.  Finally,  constraints  in  operational  employment  of  nuclear 
rocket  vehicles  are  reviewed  and  directions  for  their  best  use  indicated. 

In  order  to  accomplish  this  it  .is  necessary  to  examine^these 
features  in  three  different  frameworks  of  analysis  and  design:  (1)  Flight 
Mechanics,  (2)  Reactor  Physics,  and  (3)  Radiation  Leakage  a!nd  Shielding. 
Overall  systems  and  integration  aspects  are  discussed  as  appropriate  for 
each  area. 


# 


For  reference  purposes  these  areas  of  study  are  covered  in 
Chapters  2,  4,  and  5  of  Fundamentals  of  Nuclear  Flight  (FNF), 
by  R.  W.  Bussard  and  R.  D.  DeLauer,  McGraw-Hill,  1965. 
Chapter,  page  and  equation  numbers  referenced  further  in  these 
notes  are  to  FNF  as  a  source. 
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See  also  Chapter  7,  FNF. 


I 

Equation  (2-6), 

<2-65) 


Equation  (2-69). 

(7-1  1 )  and  Table  7-3 


Sec.C.  Ch.  2, 
p.  72  ff.  ,  and 
eqs.  (2-135.  137) 


Eqs.  (2-138  to  142) 
and  Table  2-7. 
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Sec.  B-l,  Ch.  4. 
eq.  (4-31 }  and  ff, 
and  Sec.  C-2,  Ch.  4, 
eqs.  (4-118  to  121 ). 


—  ‘%ht  Mechanics. 

(a)  Mass-ratio  equatios.  with  gravity  loss  term* 

(g  sin  0  t,  ). 

o 

Use  to  show  unfavorable  features  of  nuclear 
rtcket  vs.  chemical  for  (ground)  launching  against 
gravity  fields. 

(b)  Same  equation  with  drag,  turbine -drive,  and 
back-pressure  losses. 

Use  to  show  unfavorable  features  of  nuclear 
rocket  vs.  chemical  for  operation  in  atmosphere, 
and  for  need  for  highly  efficient  bleed-gas  or 
topping  cycle  turbine  device  (gas  generator  not 
competitive).  '  v 

(c)  Performance  analysis  equation  relating  engine 
system  internal  parameters  to  (mass-ratio  equation) 
ballistic  external  performance  parameters. 

Use  to  show  rationale  for  "minimum”  reactor 
specific  mass  (X  r)«  shows  favorable  features  of 
nuclear  rockets  for  use  in  orbit  or  "free-fall” 
launching  vs.  ground-launching,  and  illustrates 
greater  allowable  ISp  and  easier  reactor  develop¬ 
ment  (higher  Ar)  for  optimum  low-ap  operation. 

’ !  V 

(d)  Same  equation  but  with  shield  ^  engine  mass 

as  parameter  of  interest.  -;! 

„\i. 

Use  to  show  effect  of  shielding  on  manned  space 
operations  and  impossibility  of  shadow  shielding 
over  4  ir. 

Reactor  Physics. 

(a)  Basic  one-velociry  flux  shapes,  and  reflector - 
savings  equations.  2* 

Use  to  illustrate  need  for  reflectors  to  achieve 
low  fuel  loading,  and  flat  fission  density  distribution 
(and  thus  optimum  heat  exchange  performance,  with 
minimum  specific  weights,  A.r). 


Eq._4-1M  and 
Table  4-10 


Ch.  4,  Sec.  A  and 
Sec.  D. 


Eqs.  (5-1  to  10) 
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Ch.  5,  Sec.  B; 
Sec.  C.  p.  312  ff. 


(Cont'd)  2.  Reactor  Physics  ' 

(b)  Time -dependent  reactivity  equation,  with 
delayed  neutrons. 

Use  to  illustrate  need  for  and  problems  of 
rocket  reactor  control.  Rapid  start  up,  need  for 
delayed  neutrons  and  precursor  retention,  and  for 
high  frequency  response  (10  -  100  cps)  control  rod 
drive  systems. 

(c)  Nature  of  cross-sections,  energy  dependence , 
and  neutron  energy  distribution.  Fast  and  slow  group 
extremes.  Slowing-down  process  and  simple  theory. 
Fast  and  slow  group  flux  shapes  in  reflected  reactors. 

Use  to  illustrate  need  for  multi-group,  multi¬ 
region  calculations,  employing  electronic  computers 
and  sophisticated  calculational  codes.  Use  to  show 
unique  problems  in  reflected  reactors  with  cold 
reflectors  --  i.  e.  neutron ’’speeding-up". 

3.  Radiation  Leakage  and  Shielding. 

•(a)  Operating  leakage  and  dose  rate  equations; 
point  sources.  / 

Use  to  illustrate  biological  hazards  and  leakage 
power  levels  in  sample  situations;  e.g.  orbit  launching, 
ground  testing,  and  associated  operational  systems 
problems. 

(b)  Post -shutc/own  radiation;  power  and  dose -rate 

equations.  ;> 

Use  to  show  need  for  cooling,  and ’difficulties 
of  operational  use  of  nuclear  rockets  for  manned 
surface  landing  missions,  and  of  post-shutdown  in¬ 
flight  maintenance,  etc.  Difficulty  of  long-time 
cooling  and  reactor  re-use;  the  modular  stage 
(including  engine)  throw-away  concept.-: 

(c)  Leakage  radiation  interaction  with  matter; 
heating  and  activation  from  neutrons,  gammas,  in 
and  from  finite  sources. 
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(Cont’d)  j.  K.idiatior.  Leakage  arid  Studding, 
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Use  to  illustrate  totality  of  er.gine/vehicle 
integration  problems  and  fundamental  differences 
of  nuclear  vs,  chemical  systems  with  respect 
those  problems.  Appropriate  materials  choices 
from  activation  point  of  view,  heating  rates  in 
vehicles,  tankage,  pumps;  test-stand,  etc. 
structure  and  associated  pump  system  design 
problems  and  shield  requirements.  Ionization  of 
air  around  air-launched  vehicles,  and  consequent 
e.  m.  communications  problems.  Shielding 
requirements  for  crew,  use  of  chemical  stage 
propellants  as  shielding,  comparison  with  solar 
flare  shielding,  to  show  crew  shield  needs  are 
generally  satisfied  by  requirements  imposed  by 
sources  other  than  the  reactor,  and  satisfied  by 
materials  on-board  for  purposes  nominally  other 
than  shielding. 

In  general,  the  main  points  in  conclusion  are: 


A.  Nuclear  rockets  are  best  used  in  orbit 
launching  for  inter-orbit  transfer,  and  least 
effectively  used  for  surface  launching  or  landing. 

B.  Many  engine/vehicle  integration  problems  are 
entirely  different  with  nuclear  rockets  from  past 
experience  with  chemical  rockets,  and  careful 
attention  must  be  paid  to  all  of  these.  Past  experi¬ 
ence  does  not  provide  any  sure  guide  for  their 
solution,  but  solutions  are  seen  for  every  major 
problem  area. 

C.  Nuclear  radiation  imposes  new  constraints  on 
the  use  of  nuclear  rocket  vehicles  relative  to  those 
evolved  for  in-space  application  of  chemical  rockets. 
New  methods  must  be  evolved  and  adopted,  different 
from  but  just  as  practical  as  those  developed  for 
non-nuclear  systems. 


THERMAL  CONTROL  OF  SPACE  FROPULSION  SYSTEMS 

7  March  1967 
by 

F.  C.  Svenson 
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Mr*  F.  C.  Svenson,  who  received  his  BSME  from  the  University  of  Cincinnati, 
is  the  Supervisor  of  Apollo  PCS  and  SPS  Technology,  Research,  Engineering 
and  Test,  Space  and  Information  Systems,  North  American  Aviation.  He  is 
responsible  for  the  thermal  analysis  of  the  Thermal  Control  Systems  for  the 
Command  and  Service  Modulo  Reaction  Control  Systems  and  che  Service  Propul¬ 
sion  System.  Also,  he  is  responsible  for  all  analysis  required  to  predict  the 
performance  of  the  three  Apollo  liquid  propulsion  systems.  Prior  to  joining 
NAA  in  1962,  Mr.  Svenson  was  involved  with  the  thermal  and  performance 
analysis  of  propulsion  systems  at  Astropower  Inc.,  The  Marquardt  Corp.,  and 
Douglas  Aircraft  Co. 


Thermal  control  of  a  propulsion  system  is  obtained  for  present  space¬ 
craft  by  balancing  the  heat  gained  from  the  sun  and  the  heat  lost  to  space  with 
the  addition  of  heat  from  electrical  heaters.  If  the  allowable  propellant  temper 
ature  range  was  wider,  the  need  for  electrical  heaters  could  be  eliminated  for 
most  missions  by  the  proper  choice  of  optical  properties  on  the  rocket  engine 
and  adjacent  spacecraft  structure.  Since  this  range  is  relatively  narrow,  the 
optical  properties  have  been  selected  to  reduce  the  net  environmental  heating 
thus  eliminating  any  over  temperature  problem.  However,  this  built-in  cold 
bias  must  be  eliminated  by  the  addition  of  heat/ from  electrical  heaters  during 
periods  of  earth.,  lunar  or  spacecraft  shadowing. 

In  order  to  size  a  thermal  control  system  optimarily  with  respect  to 
weight  and  energy  usage,  extensive  thermal  models  must  be  developed  to 
describe  the  heat  transfer  to  and  from  the  components,  propellant  tanks, 
helium  bottles,  rocket  engines  and  adjacent  structure.  These  models  which 
consist  of  hundreds  of  nodes,  resistors  and  capacitors  can  only  be  solved  by 


thermal  analyzer  type  computer  programs.  Every  use  of  spacecraft 
orientation  is  required  and  should  be  used  to  aid  in  thermal  control.  A 
thermal  control  roll  of  1  or  2  RPH  imparted  to  the  spacecraft  during 

most  of  the  mission  greatly  reduces  the  thermal  control  requirements. 

_ _ 

One  of  the  major  heat  losses  is  the  rocket  engine.  Because  it  is 
designed  to  reject  heat  during  firing  periods  and  has  a  great  amount  of 
exposed  surface  area,  it  can  be  responsible  for  losing  over  eighty  percent 
of  the  heat  lost  from  the  propulsion  system.  Present  engine  designs 
generally  do  not  consider  this  factor  and  thus  have  not  been  optimized  to 
reduce  the  heat  loss  during  non-firing  periods. 

The  thermal  control  of  the  feed  and  pressurization  systems  have 

tv  • 

been  achieved  by  passive  techniques  consisting  of  optical  property  selection 
use  of  high  thermal  resistance  for  structural  materials  and  spacecraft 
orientation  constraints.  However,  thermal  control  of  the  engines  require 
the  use  of  electrical  heaters  which  have  on-off  control  in  addition  to 

optical  property  selection  and  spacecraft  orientation  constraints,  ^ 

i  _  fe"  '  ■ 

Propellant  Temperature  Ranee  ® 


The  temperature  range  of  storable  hypergolic  propellants  in  the  tanks 

of  large  and  small  pressure  fed  propulsion  systems  is  about  40  to  85°F.  The 

.  i  « 

temperature  range  of  the  propellants  in  the  lines  is  about  25  to  175°Ffor 


small  systems  and  about  25  to  135°F  for  large  systems.  The  temperature 

•  \>  •  h  .  f-v- 

ranges  cf  propellant  valves  vary  from  20°F  to  225°F  depending  on  the  engine. 

at  i 
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The  temperature  range  for  the  tanks  preser.t  no  serious  thermal  control 
problem  although  wider  limits  could  reduce  spacecraft  orientation  constraints 


The  temperature  ranges  on  the  lines  and  engine  valves  do  result  in  the 
addition  oi  electr-cal  heaters  and  many  spacecraft  nrientation  constraints. 

Use  of  propellants  which  have  wide  usable  temperature  ranges  would 
reduce  the  thermal  control  requirements,  possibly  resulting  in  passive  methods 
with  no  orientation  limits.  Development  o£  engines  with  wide  temperature 
ranges  for  the  propellant  and  valves  could  eliminate-  the  need  for  electrical 
heaters. 

Spacecraft  Orientation 

Every  use  of  spacecraft  orientation  relief  should  be  made  to  reduce 
the  thermal  control  requirements  on  the  propulsion  system.  During  space 
flight  a  steady  roll  of  1  to  2  revolutions  per  hour  will  stabilize  almost  all 
components  between  60  and  80°F  with  existing  optical  coatings.  In  earth 
orbit,  a  random  drift  mode  non- synchronous  with  the  period  may  be  satis¬ 
factory  for  eliminating  an  active  thermal  control  system.  However,  the 
limitation  of  optical  coatings  may  require  that  all  the  solar  heating  possible 
be  supplied  to  the  rocket  engines.  This  would  also  be  true  of  lunar  orbit  or 
orbits  of  other  planets.  In  orbit,  it  is  quite  difficult  to  balance  the  heat 
lost  during  shadowing  with  that  gained  during  solar  heating  without  imposing 
unacceptable  orientation  constraints  on  the  spacecraft.  Still,  proper  mission 
planning  can  provide  spacecraft  orientations  which  will  minimize  the  thermal 
control  requirements. 

Computer  Programs 

Several  computer  programs  are  required  to  aid  in  thermal  analysis 
of  propulsion  systems.  These  programs  are  a  general  thermal  analyzer 


program,  a  radiosity  program  and  a  view  factor  program.  The  thermal 
analyzer  program  is  built  around  the  thermal- electrical  analogy  using  an 
electrical  network  with  current,  electrical  capacitors,  electrical  resistance, 
and  voltage  drop  replaced  by  heat  flow  rate,  thermal  capacitance,  the  re¬ 
ciprocal  of  thermal  conductance,  and  tempera  ture^r  op  respectively.  The 
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radiosity  program  solves  a  radiation  network  to  determine  the  interaction 
of  radiation  on  several  adjacent  surfaces.  The  results  c£  this  program  in 
the  form  of  thermal  radiation  resistors  are  input  to  the  thermal  analyzer 
program.  The  view  factor  program  defines  the  configuration  or  view  factor 
from  one  surface  to  another.  The  output  of  this' program  is  input  to  the 
radiosity  program.  This  program  is  not  necessarily  needed  as  there  are 
extensive  tables,  equations,  and  charts  defining  the  view  factor  between 
various  surfaces. 


Thermal  Properties 

The  thermal  properties  used  in  the  thermal  model  must  be  as 
accurate  as  possible.  A  model  consisting  of  hundreds  of  resistors,  capac¬ 
itors  and  nodes  has  the  possibility  of  fairly  large  errors  in  predicting 
temperatures.  If  the  basic  data  used  in  the  model  is  also  in  error,  this 
can  result  in  prohibitively  large  errors  in  the  predicted  temperatures.  In 
addition,  correlation  of  large  thermal  model  with  test  data  is  extremely 


difficult  even  if  the  basic  data  is  correct. 


The  optical  properties,  contact  resistance  and  the  resistance  of 
super  insulation  are  seme  of  the  properties  with  the  greatest  variation. 
Any  of  these  that  are  required  for  the  calculation  of  an  important 
resistance  within  the  model  should  be  substantiated  with  laboratory' 


te3t  data. 


Thermal  Control  of  an  Entry  Propulsion  System  " 

Thermal  control  of  an  entry  propulsion  sys  ;em  during  earth  entry 

,  i' 

or  er.'.try  to  some  other  planet  was  excluded  as  par  ;  of  this  subject.  However, 
thermal  control,  of  the  system  during  spaceflight  must  be  considered.  If 
the  propellant  is  held  in  the  tanks  during  spaceflight,  the  thermal  control 
problem  is  significantly  reduced.  The  tanks  can  be  sufficiently  insulated 
to  eliminate  the  need  of  active  thermal  control.  The  temperature  range  of 
the  propellant  lines,  components  and  engine  can  be  easily  expanded  for  a  non¬ 
operating  system.  Thus,  any  thermal  control  of  propulsion  components 

outside  the  tanks  should  not  be  needed. 

V  .  !  ' 

Prior  to  entry  the  entry  propulsion  system  can  be  heated  to  the 
required  minimum  temperature  by  solar  heating  or  the  use  of  electrical 

.  v'- 
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heaters.  In  some  cases  before  activating  the  system, .the  engine  valves 
are  used  as  heaters  and  provide  sufficient  heat  to  warm  the  engine,  injector 
and  adjacent  propellant  lines.:  Heating  timbs  prior  to  entry  of  13  to  20 
minutes  with  a  total  of  54  watts  of  heat  from  the  valves  of  a  100  pound 

'  ■  ■  ■  '  '  t 
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thrust  engine  is  sufficient  for  certain  spacecrafts. 

Thermal  Control  of  an  ACS  for  Space 

Thermal  Control  is  required  of  attitude  control  systems  used  during 
a  space  mission.  The  heat  lost  during  planet  or  spacecraft  shadowing  must 
be  added  by  electrical  heaters  or  nuclear  isotope  heating.  Present  systems 

use  electrical  heaters  because  they  can  be  easily  turned  off  durihg  the 
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periods  of  engine  firing  or  extensive  solar  heating.  In  trans-planet  flights, 

passive  thermal  control  can  be  readily  achieved  by  imparting  a  small  1  to  2  rph 


S3 


roll  rate  to  the  spacecraft.  However,  during  orbital  conditions  heaters 
with  thermal  switches  ar  i  required.  A  power  level  of  18  watts  per  100 
pound  thrust  engine  may  1  e  required  based  on  a  duty  cycle  of  60%.  Contin¬ 
uous  heating  would  be  more  reliable  but  prohibitive  orientation  constraints 
would  be  needed  to  prevent  exceeding  the  maximum  temperature  limits. 

For  man  rated  spacecraft,  these  heaters  and  thermal  switches  must  have 
redundancy.  In  addition,  monitoring  information  must  be  supplied  to  the 
astronauts.  The  propellant  tanks  and  components  !  shoula  not  need  an  active 
thermal  control  system.  Proper  selection  of  thermal  insulation  and  optical 
properties  should  enable  the  feed  system  to  withstand  any  thermal  transient 
up  to  10  hours.  Transients  longer  than  10  hours  should  be  eliminated  by 


mission  planning. 

Thermal  Control  of  a  Main  Propulsion  System. 


Optimum  thermal  control  of  a  20,000  lb  thrust  propulsion  system  is 

'  * 

difficult  to  achieve.  The  tanks  and  components  can  be  easily./con trolled  by 
thermal  insulation  and  spacecraft  orientation.  However,  the  heat  loss  from 
the  engine  can  be  excessive  and  difficult  to  define,'  Therefore,  sophisticated 
thermal  analysis  is  required  of  the  engine  and  adjacent  spacecraft  structure. 
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This  analysis  can  require  a  thermal  model  with  a  network  having  ever  5  0C 
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nodes  and  running  two  to  four  hours  on  a  7094  for  a  single  mission.  Advantage 

: %  -  '  ■  M  V  ?  ' 

must  be  taken  of  the  heat  sink  capability  of  the  engine,  and  the  additional  heat 
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obtained  during  engine  firing  to  reduce  energy  and  power  requirements.  Again, 
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active  thermal  control  should  not  be  required  during  trans-planet  flight.  But 
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during  orbital  conditions,  heaters  may  be  required  on  the  propellant  lines, 

•  .y-  -iS-  T.  ■  ' 

and  the  engine  propellant  valves.  The  amount  of  p jwer  that  may  be  required 


is  ab'out  96  watts  based  on  50%  duty  cycle.  These  heaters  would  also  have 
to  have  on- off  control  and  must  have  redundancy  for  man-rated  vehicles. 
Conclusion 

Thermal  control  of  propulsion  systems  is  an  important  consideration 
in  spacecraft  design  and  mission  planning.  The  primary  loss  of  heat  is  from 

the  exposed  rocket  engines.  Therefore,  early  recognition  of  the  thermal 

>  *  -  > 

control  criteria  in  an  engine  and  propulsion  system  design  program  can 
result  in  significant  reductions  in  the  thermal  control  requirements.  4- 
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ABSTRACT 


PLASMA  PHYSICS  AND  APPLICATION  TO  ROCKETRY 

— -  -  ■  By  *  g 

G.  W.  Sutton 

Avco  Everett  Research  Laboratory 

A  plasma  is  an  electrified  gas  with  the  following  properties:  1) 
partially  or  totally  ionised;  that  is,  an  abundance  of  charged  particles; 

2)  electrically  neutral  on  the  whole;  that  i^  the  number  of  negative 
charges  equals  the  number  of  positive  charge^  and  3)  a  Debye  length 
much  smaller  than  the  macroscopic  dimensions.  Ttji  requirement 
insures  that  the  plasma  wili  be  electrically  neutral  oh  size  scales  larger 
than  the  Debye  length  so  that  the  plasma  may  be  treated  as  a  continuum 
with  local  properties,  instead  of  following  each  charged  particle  individu¬ 
ally,  as  ie  done  in  electron  physics.  The  lecture  will  consider  the  special 
properties  of  a  plasma,  its  interaction  with  electric  and  magnetic  fields, 
and  the  modes  of  wave  propagation  through  plasma,  and  uses  for  plasmas 
of  interest  to  rocketry.  '  v*  . 

The  various  methods  of  ionizing  gases  will  be  reviewed.^  Ionization 
is  caused  by  collisions  between  molecules,  atoms  solids,  or  photons  in 
which  sufficient  chemical,  kinetic,  or  photon  energy  is  transferred  to 
one  of  the  bound  orbital  electrons,  freeing  it  from  the  coulombic .attractive 
field  of  the  nucleus.  As  a  special  case,  electrical  or  photon  energy  can 
be  given  to  free  electrons,  which  gave  them  sufficient  energy  to  ionize 
neutral  particles.  Thermal  and  non-thermai  ionization  will  be| discussed. 
Electro-chemical  ionization  will  also  be  discussed,  such  as  used  in  the 
"Q"  machine.  ■  i- 
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In  general,  the  properties  of  a  plasma  depend  upon  three,  lengths: 
the  mean-free  path,  the  Larmor,  radius,  and  the  Debye  length'  and  in 
addition  the  Magnetic  Reynolds  number.  Two  cases  of  mean-free  paths 
will  be  considered:  very  long  mean  free  paths,  and  very  short  mean 

free  paths.  i  ■  -'a  ;||  " .V 
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When  the  mean  free  path  in  a  plasma  is  very  long  the  electrical 
conductivity  of  the  plasma  i-j  very  large  and  the  plasma  can  be|considered 
to  be  "collisioniess".  This  plasma  is  characterized :by  a  ver||large  magnetic 
Reynold  number.  Expressions  will  be  derived  for  the  electrical  conductivity 
for  this  state.  With  die  addition  of  a  magnetic  field, |the  charged  particles 
gyrate  around  the  magnetic  lines  of  flux.  The  adiabatic  invariant*  for  such 
a  gas  will  be  derived,  which  form  the  basis  for  the  ’’magnetlcf^iile’' ,  The 
limits  for  escape  from  such  confinement  will  be  derived.  The| addition  of 
various  fields  such  as  electric*  gravitational,  and  magnetic  field  gradients 
leads  to  various  drifts  across  magnetic  lines  of  flux  but  the  hdmber  of 
magnetic  lines  of  flux  enclosed  by  a  grating  particle  remains  constant. 

The  constancy  of  the  sum  of  the  magnetic  pressure  add  gas  pressure  will 
be  shown. 


The  presence  of  many  collisions  of  electrons  with  heavy  particles 
yields  a  different  regime,  in  which  the  mean  free  path  is  much  smaller 
than_dimensions  of  interest.  The  plasma  is  then-feest  described  by  the 
velocity  distribution  function  which  is  obtained  from  solution  to  the 
Boltzmann  equation.  Several  examples  will  be  given  of  equilibrium 
states,  including  the  distribution  in  an  electric  field,  Debye  shielding, 
and  Langmuir  probes.  The  non -equilibrium  states  are  usually  con¬ 
sidered  small  departures  from  equilibrium  and  give  rise  to  typical 
phenomena  of  the  transport  properties  of  electrical  conductivity  and 
thermal  conductivity.  The  dc  electrical  conductivity  will  be  derived, 
and  the  tensor  conductivity  in  a  magnetic  field.  Ion  slip  and  ambipolar 
diffusion  will  be  illustrated.  The  electron  momentum  equation  and  energy 
equation  will  also  be  given  and  used  to  obtain  the  electrical  conductivity 
and  electron  heating. 

Wave  phenomena  in  plasma  will  be  discussed.  The  phenomena  of 
acoustic  waves  and  electromagnetic  waves  become  coupled  on  a  plasma 
and  their  properties  are  altered.  In  addition,  in  a  highly  conducting 
plasma,  in  the  presence  of  a  magnetic  field,  a  new  wave  discovered  by 
Alfvfcn  (1947)  can  propagate.  Some  of  the  basic  properties  of  these  waves 
will  be  discussed,  including  electrostatic  longtudinal  waves  (plasma 
frequency),  electromagnetic  waves  and  their  interaction  with  magnetic 
fields,  cyclotron  heating  and  Alfvfen  waves.  ;  % 

For  typical  flow  problems,  the  usual  energy  and  momentum  equations 
of  gas  dynamics  must  be  modified.  Usually,  the  magnetic  Reynold's  number 
is  small,  so  that  induced  magnetic  fields  can  be  neglected  (an  exception  is 
the  Hall  accelerator).  These  modifications  are  given:  the  addition  of  the 
Lorentz  force  in  the  momentum  equation  and  joule  heating  in  the  energy 
equation.  These  terms  make  it  possible  to  achieve  plasma  propulsion  by 
interacting  with  the  Lorentz  force,  and  MHD  electrical  power  generators,  in 
which  the  joule  heating  term  is  negative ; 

With  the  Lorentz  force  in  the  direction  of  the  flow  velocity,  momentum 
is  added  to  the  flow;  in  addition  the  joule  heating  heats  the  flow.  If,  however, 
an  electrical  load  is  placed  in  the  VxB  direction,  then'the  Lorentz  force 
retards  the  flow,  and  energy  in  extracted  from  the  gas. 

The  Hall  effect  (tensor  conductivity)  is  usually  not  neglible  in  such 
devices  and  can  decrease  the  effective  electrical  conductivity . of  the  flow. 

This  can  be  remedied  by  suitable  electrode  geometries,  of  which  several 
will  be  given  as  illustrations.  f  j|' 

It  is  shown  that  the  joule  heating  can  cause  the  electron  temperature  to 
exceed  the  gas  temperature.  This  has  important  applications  for  increasing 
the  electrical  conductivity  of  the  gas  for  MHD  electrical  power  generators 
and  accelerators..  ,  : 


The  remainder  of  the  lecture  will  consist  of  examining  the  Applications 
of  plasma  physics  to  rocket  applications.  One  of  the  most  important  is  the 
attenuation  of  telemetery  by  the  exhaust  gases  from  a  rocket.  On  the  other 
hand,  at  low  altitudes  the  exhaust  is  highly  turbulent  and  gives  rise  to 
turbulent  scattering  of  microwaves.  A  more  recent  discovery  is  the  use 
of  electric  fields  to  increasing  burning  rates  of  gaseous  fuels.  Direct 
uses  of  plasma  physics  for  rocket  application  are  the  plasma  propulsion 
devices.  Two  will  be  discussed:  the  J  x  B  accelerator  and  and  arcs  of 
which  the  Hall  accelerator  is  a  special  case,  in  which  the  magnetic  field 
give  very  high  efficiencies  and  specific  impulses;  The  total  thrusts  are 
very  small,  eo  that  this  device  is  very  useful  for  station  keeping  of 
synchronous  satellites.  It  is  possible  that  controlled  thermo-nuclear 
reactions  may  be  useful  for  propulsion,  but  the  success  for, achieving  CTR 
with  fusion  has  been  for  limited.  On  the  other  hand,  combustion  firfrd- 
MHD  electrical  power  generator  has  achieved  operational  status  on  the 
level  of  twenty  megawatts,  and  should  be  capable  of  much  larger  sices. 

This  gives  rise  to  the  concept  of  using  a  gaseous  (Rankine) direct  nuclear 
cycle  in  which  electrical  energy  is  generated  in  an  MHD  generator,  and 
then  used  for  propulsion  in  a  large  J  x  B  accelerator.  .This  last  application 
appears  to  be  technically  iea*ible"wlth  the  existing  knowledge  of  reactive, 
generators,  and  J  x  B  propulsion  devices.  tf 
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INTRODUCTION 

The  development  of  electric  propulsion  is  motivated  by  the  need  for  space  vehicle 
propulsion  systems  with  exhaust  velocities  fat  greater  than  those  attainable  with 
chemical  rockets  or  nuclear  heat- transfer  propulsion.  For  a  fixed  thrust,  an  increase 
in  exhaust  velocity  results  in  a  smaller  expenditure  of  propellant  mass.  Depending  on 
the  particular  mission  considered,  the  ratio  of  useful  payload  to  initial: mass  of  the 
rocket  is  correspondingly  increased. 

The  concept  of  electric  propulsion  has  a  long  history.  It  was  considered  by  R.  H. 
Goddard  as  early  as  1906,  but  engineering  developments  did  not  materialize  until  the 
late  fifties.  First  flight  tests  were  conducted  several  years  ago  by  both  NASA  and  the 
U.S.  Air  Force.  NASA  has  operated  successfully  an  electron  bombardment  type  engine 
on  a  suborbital  flight.  A  contact  cesium  ion  engine  developed  under  an  Air  Force  contract 
produced  a  thrust  of  2  mlb  in  a  ballistic  test  of  30  minute  duration.  .. 

Most  future  applications  to  space  vehicles  envisage  thrust  levels  of  only  a  fraction 
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of  a  pound,  corresponding  to  accelerations  of  10  g  or  less.  Chemical  or  nuclear  boosters 
arc  therefore  needed  to  put  the  vehicle  first  into  a  low  altitude  orbit,  from  which  it  can 
ascend  slowly  in  a  spiral  path  until  escape  velocity  is  reached.  The  time  required  to  enter 
a  new  orbit  about  a  near-earth  planet  would  exceed  several  months,  and  might  be  as  long 
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Anticipated  power  requirements  for  future  planetary  missions  are  of  the  order 
of  a  few  to  hundreds  of  kW,  depending  upon  the  application.  Nuclear  and  solar  energy 
— sources  are  being  considered.  The  successful  application  of  electric  propulsion 
hinges  largely  upon  the  development  of  light-weight  power  conversion  devices.  The 
weight  of  the  propulsion  unit  is  typically  only  a  small  fraction  of  the  combined 
weights  of  energy  source  and  conversion  equipment,  and  therefore  often  not  of 
critical  importance.  However,  the  efficiency  with  which  electric  energ;  is  converted 
into  kinetic  energy  of  the  propellant  is  crucial,  since  it  directly  affects  the  weight 
of  the  power  source. 


OPTIMUM  SPECIFIC  IMPULSE 

The  e'-Haust  velocity  is  conventionally  expressed  in  terms  of  the  specific 

impulse  (Isp).  It  is  likely  that  electric  propulsion  systems  with  an  Isp  ranging 

from  1000  to  20,000  sec  will  find  wide  application  in  future  space  missions,  The 

optimum  I  depends  mainly  on  the  mission  (including  the  time  allowed  for  the 

trip)  and  on  the  mass/power  ratio  of  the  space  power  source  needed  to  supply  the 

electrical  energy.  Devices  with  an  I  of  1000  to  2000  sec  are  useful  for  attitude 
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stabilization  of  satellites  and  for  lif  ting  satellites  from  a  low  altitude  orbit  to  a 
synchronous  orbit.  An  lg^  from  3000  to  20,000  sec  is  optimal  for  extended  missions 
within  the  solar  system.  Systems  with  an  I  lower  than  optimum  are  penalized  by 
excessive  propellant  weight,  whereas  systems  with  higher  than  optimum  specific 
impulse  suffer  from  an  excessive  weight  of  the  electric  power  source. 

ELECTROSTATIC  THRUSTORS  I  . 
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The  most  characteristic  feature  of  electrostatic  thrustbrs  is  the  separate 


acceleration  of  positive  ions  and  electrons  in  an  electrostatic  field.  Prominent 
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thrusters  of  this  type  are  the  electron-  .•••jmbardmer.t  (Kaufman)  engine  and  the 
contact  ion  engine.  Both  of  these  thrustors  are  relatively  highly  developed  at 
present,  and  have  demonstrated  lifetimes  which  approach  those  needed  for  opes- 
aticnal  systems,  and  good  efficiency,  at  least  ir.  the  higher  range  of  specific 
impulse.  f 

1.  Electron- Bombardment  Engine: 

The  propellant  (usually  cesium  or  mercury)  is  ionized  by  electron  impact,  from 
electrons  emitted  by  a  centrally  located  cathode  and  accelerated  towards  a  cyclindri- 
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cal  anode.  The  ionization  efficiency  is  greatly  improved  by  the  use  of  an  axial 
magnetic  field  which  provides  a  partial  containment  of  the  electrons,  reducing 
thereby  wall  losses.  The  acceleration  of  the  ions  takes  place  in  the  small  gap  between 

two  screens  (extractor  and  accelerator  electrodes)  to  which  a  high  electric  potential 

if;  ). 

difference  is  applied.  The  electrodes  are  designed  in  such  a  way  as  to  minimize 
erosion  through  the  mechanism  of  sputtering  by  the  impact  of  ions,  particularly  also 
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those  resulting  from  charge- exchange. 

2.  Contact-Ion  Engine: 

Historically,  this  was  the  first  electric  thrustor  type  to  undergo  engineering 
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development.  It  differs  from  the  electron  bombardment  engine  mostly  in  the 

mechanism  which  is  employed  for  ionization  of  the  propellant.  Ionization  is  achieved 
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through  the  process  of  contact  ionization  (Langmuir- Kingdom  effect)  cn  a  high- work- 
rune  tion  metal  surface,  such  as  tungsten.  Contact  ionization  is  essentially  restricted 
to  the  use  of  alkali  metals,  particularly  cesium,  as  propellants,  and  requires  that  the 
ionizer  be  heated  to  a  temperature  of  1300°K  or  higher.  The  radiatiomloss  from  the 
heated  ionizer  is  the  principal  power  loss  sustained  by  this  type  of  thrustor. 

The  resulting  ion  beam  is  space- charge  neutralized  by  the  injection  of  electrons; 
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(>ir  :  !CiM.ir  iy  promising  device  for  space- charge  neutralization  is  the  recent  1 1 
•leyelepC;!  "plasm,  i  hridae."  ' 


PLASMA  PKOPU [.SION 

_____  Plasma  propulsion  is  likely  to  be  less  efficient  ir\-die  range  of  high  I  ,  but 
offer.:-,  the  advantage  of  a  wider  choice  of  propellants  with  good  storage  and  handling 
characteristics.  Other  anticipated  advantages  are  a  rugher  thrur-t  per  unit  area 
due  to  the  absence  of  space  charge  limitations,  and  possibly  a  wider  useful  range 
of.  specific  impulse. 

The  propellant  is  accelerated  either  by  means  of  expanding  an  arc-heated  plasma 
through  it  supersonic  nozzle  {arc  jet),  by  imparting  a  momentum  to  the  pla..ma  by 
means  of  magr.c  tic  fields  (crossed-field  accelerator,  rail  accelerator,  etc.)  or  by 

a  combination  of  both  methods.  As  a  consequence  of  the  high  particle  density,  the 

/ 

Debye  shielding  distance  is  small  compared  with  the  physical  dimensions.  Except 
for  thin  sheaths  on  electrodes  and  insulators,  electric  forces  are  therefore  absent 

ii/V 

and  play  no  role  in  the  acceleration.  :|- 
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,1.  Arc  Jet;  H 

♦  §1  ' 

Ti  e  usual  configuration  is  coaxial,  with  the  two  electrodes  separated  by  an 
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annular  gap  across  which  the  arc  strikes,  and  through  which  the  propellant  flows. 
The  inner  electrode  is  usually  the  cathode,  made  of  tupgsten  or  .some  other 
refractory.  Liquid- cooled  copper  or  uncooled  refractory  metalsiare  used  for  the 
anode.  In  one  version,  the  arc  is  confined  by  the  throat  region  formed  by  the  anode  , 
and  strikes  to  the  diverging  portion  of  the  nozzle,  resulting  in  an  increased  voltage 
gradient  and  arc  temperature.  Anode  spot  motion  to  prevent  anode  burnout  can  be 
mcr-Msed  by  introducing  the  propellant  with  a  swirl,  or  by  means  of  an  axial 


magnetic  field.  In  the  cu'se  of  polyatomic  propellants,  the  energy 'required  for 
dissociation  represents  an  important  loss  mechanism.  Due  to  the  relatively  low 
density,  recombination  in  the  nozzle  is  incomplete.  1000  to  2000  sec  specific 
impuls'cThas  been  obtained  with  gases  of  low  molecular  weight* 

In  the  so-called  MPD  arc,  magnetic  forces  add  greatly  to  the  acceleration. 

These  are  produced  by  the  self-magnetic  field  of  the  arc  current,  or  else- by  the 
magnetic  field  of  a  solenoid. 

2.  Crossed  Field  Accelerator:  v  ' 

Characteristic  for  these  devices  is  an  externally  applied  magnetic  field,  with 

lines  of  force  substantially  perpendicular  to  the  discharge  current.  The  resulting 
ponderomotive  force  is  perpendicular  to  both  field  and  current,  and  is  in  the  direction 
of  motion  of  the  plasma.  The  propellant  flows  through  a  channel,  bounded  by  two 
electrodes  facing  each  other.  Magnetic  field  strengths  of  several  thousand  Gauss 
are  typical.  : 

3.  Rail  Accelerator:  S. 

The  electric  discharge  takes  place  between  two  parallel,  plane  conductors  (rails) 
or  two  concentric  cylinders.  The  magnetic  field  associated  with  the  discharge  current 
drives  the  current  fron  along  the  rails.  In  one  mode  of  operation,  the  space  between 
the  electrodes  is  initially  filled  with  gas  at  a  low  pressure;  the  moving  current  front 
then  produces  a  propagating  shock  wave,  which  compresses  and  ionizes  the  gas.  In 
other  devices  of  this  type,  a  puff  of  gas  is  adrriitted  through  a  fast  acting  valve,  or 
by  sublimation  of  a  solid  propellant,  and  is  accelerated  by  the  discharge. ’/Maximum 
velocities  corresponding  to  a  specific  impulse  of  20,000  sec  and  higher  have  been 

•  ■  .  •  -if,. 

obtained  in  pulsed  operation.  '  ’  , 

4.  Travelling  Wave  Accelerator: 

The  principle  of  operation  is  somewhat  analogous  to  that  of  an  induction  motor. 


A  I  irru'- varying  magnetic  field  is  produced  either  by  multi-phase  windings,  by 

sequentially  switched  coils,  or  by  means  of  a  transmission  line.  An  attractive  > 

- 

feature  of  this  type  accelerator  is  the  absence  of  electrodes  and  the  possibility 
of  isolating  the  plasma  from  the  walls  by  means  of  magnetic  fields.;  t, 

The  lecture  terminates  with  a  discussion  of  laboratory  experiments  with  a 
Space- Charge-Sheath  thrustor.  In  this  device,  cesium  ions  are  accelerated  in 

the  gap  between  a  porous  tungsten  ionizer  and  a  virtual  cathode  formed  by 

.*  .  * 

electrons  gyrating  in  a  transverse  magnetic  field.  The  magnetic  field  strength 

•  '»*  .  . 

(2500  Gauss)  is  such  that  the  electron  cyclotron  radius  is  comparable  to  the  length 

J'.  _ 

'll’ " "  •  v1'’  y  •’  ’ 

of  the  accelerating  region  (approximately  1  nun).  On  the  other  hand,  the  ion 

i  ■  ,  IT 

cyclotron  radius  which  is  of  the  order  of  20  cm,  is  large  compared  to  the  characteristic 

•  ?  M:  . 

-  . 

scale  length  (1  cm)  of  the  magnetic  field.  A  number  of  experimental  and  theoretical 

;/  .  ..i-'  .mB- 

problems  arising  in  testing  this  thrustor  will  be  discussed.  £5  ' 
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INTRODUCTION 

Solid  ptopellants  are  structural  materials.  Today's  rocket  motors  must  be  de- 
signed  to  meet  a  variety  of  mission  applications,  many  b£  which  tiave  placed  increas¬ 
ingly  severe  demands  on  the  structural  capability  of  the  propellant  grain.  Although 
it  is  generally  recognized  that  ballistic  requirements  dictate  many  aspects  of  the 
final  grain  configuration,  structural  limitations  have  become  more  apparent  in  recent 

Y  .  •  ‘-‘.v  ' 

years.  Quantitative  measurements  of  the  propellant's  physical  and  mechanical  char¬ 
acteristics  have  become  as  important  to  the  design  engineer  as  the  combustion  lavs 
may  be  to  the  ballistician.  Unfortunately,  the  basic  character  of  the  material  is 
such  that  attempts  to  meastxre  its  mechanical  properties  have  posed  serious  experi¬ 
mental  and  conceptual  difficulties.  Techniques  of  engineering  structural  analysis 

have  developed  to  the  state  where  reasonable  predictions  can  be  made  of  loads  and 

;•  ■'  &£.  .*:•••£*  _  _  .  ; 

deformations  in  such  structures,  which  may  be  composed^of  ninety ^percent  of  this 


unusual  material.  On  the  other  hand,  difficulties  in  analysis  have  been  greatest  , 


in  those  regions  where  critical  conditions  arc  most  likely,  suchj'as  grain  discon- 


•i»v 


tinuities,  corners  and  bonded  interfaces.  That  is,  prediction  of  structural  failure. 


where  failure  is  most  likely  to  occur,  is  in  many  cases  the  least  satisfactory  pro- 

.  .  .  •  ■  *  -•••-;  M  ’  ?•• 

duct  of  the  structural  integrity  analysis.  .  |7  Y 

There  has  been  substantial  progress  in  the  development  of  tbethbds  for  solid 
propellant  material  characterization  over  the  past  decide,  howewsr.  The  propellant 


has  been  represented  as  a  linear  isotropic  viscoelastic  materiaMvith  some  success. 


ft  /:•' 

.tel  ? 


The  necescity  for  further  sophistication  is  nci:  always .obvious  but  in  many  instances 
large  errors  can  be  expected  if  assumptions  of  linearity  and  isotropic  behavior  are 


retained. 


■■  ISrJ. 

■,  .’.w-  v. 
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The  loading  environment  which  a  propellant  grain  must  survive  includes  thermal 

:•  •  ••  '  ivf  Y  • 
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cycling,  handling  and  vibration,  ignition  pressurization,  and  acceleration.  Many 


of  these  conditions  may  prevail  at  the  same  time;  such  as  the  imposition  of  smell 
oscillatory  stresses  on  a  grain  which  haa  been  subjected  tp-large  thermal  stresses. 
The  resultant  deformations  may  be  much  greater  than  a  few  percent,  so  finite  strains 
must  be  considered.  The  rate  at  which  the  material  is  deformed  in  some  of  these 
cases  requires  the  recognition  and  proper  accounting  of  its  time-  and  temperature  - 
dependent  properties. 

The  generation  of  a  practical  propellant  failure  criterion  has  been  the  object 
of  extensive  study  for  several  years,  it  appears  that  no  completely  general 
analytical  criterion  is  forthcoming,  but  significant  advances  in  the  experimental 
characterization  of  ultimate  properties  in  multiaxial  stress  fields  premise  more 
reasonable  empirical  guidelines. 

High-speed  computer  techniques  have  provided  the  means  by  which  material 
properties,  loading  environments,  and  geometry  may  be  considered  for. a  large 
number  of  grain  configurations.  Also,  as  an  important  adjunct,  it  must  be  recog¬ 
nized  that  propellant  mechanical  properties  change  with  time  and  exposure,  and 
any  failure  criterion  or  response  characterization  applicable  to  unaged  material 
must  also  account  for  these  changes  to  be  of  any  significant  value  in'; establishing 
operational  design  limitations.  Many  missile  systems  must  undergo  repeated 

•*'  1  f  V:" 

exposure  to  thermal  extremes  as  well  as  a  wide  tenge  of  vibrational  frequencies 


and  accelerations  and  are  expected  to  survive  for  many  years  without -intolerable 

changes  in  reliability  or  operational  readiness;  \& 

■  "  y  /j.v.  y  ■  .  H'  y 

The  following  sections  draw  from  a  very  large  number  of  published  documents 

and  reports  as  well  as  private  communications  with  individual  investigators; 


7d> 


however,  only  the  unclassified  literature  has  been  surveyed.  Several  basic  source 
documents  have  been  used  liberally.  These  include:  the  Interagency  Chemical  Rocket 
Prop—sioa  GrouP  ( ICSPG)  Mechanical  Behavior  Manual  (  ^$3  )f  Solid  Rocket  Struc¬ 
tural  Integrity  Abstracts  and  the  Bulletins  of  the  Joint  Array-Navy-Air  Force  (JANAF) 
Physical  Properties  Panel,  the  ICRPG  Working  Group  on  Mechanical  Behavior  and  the 
JANAF  Surveillance  Panel.  £ 

TESTING 


A  variety  of  tests  are  currently  conducted  to  characterize  the  mechanical  prop 
erties  of  solid  propellants.  The  nature  of  the  test,  test  mode,  and  environmental 
conditions  employed  depend  upon  the  end  use  of  the  data  obtained.  Certainly,  a 


large  portion  of  all  testing  is  conducted  for  quality -control  purposes;  to  determine 

\  .  }'  ..  •  /; 

batch  variability,  and  as  a  check  for  gross  formulation  errors.  Also,  formulation 
chemists  are  guided  by  the  recognition  that  some  "standard"  tests fgive  reasonable 
indications  of  the  practicability  of  experimental  propellants.  Ingeneral,  these 
tests  are  used  for  relative  comparisons  of  date,  rather  than  for  precise  values  of 
stress  and  strain  capability.  On  the  other  hand,  if  the" tests  arlfto provide  data 

■;  ■  V  ..  '  " 

for  engineering  analysis,  great  care  must  bd  exercised  id  the  control  of  teat  condi- 
tions  and  interpretation  of  results.  The  specific  tests] to  be  described  in  this 
paper  will  be  discussed  in  terms  of  their  usefulness  for f both  apparitions  described 


above. 

THE  UNIAXIAL  TEST 


UM  : 

1  m 


This  test  is  by  far  the  most  common  in  use  today.  The  so -called] JANAF  tensile 

.  '  ;|  '  -;•••' .’'it,  •  4'  ...  ■ 

specimen  has  received  rather  wide  acceptance  for  constant  a train  riti  Resting  Aincs 

1957,(  65  )  Figure  1  shows  this  specimen  with  dimensions  andfa  typical  set 

of  gripping  jaws  for  use  with  any  available. tester.  The ^specimen  has  been  prepared 


fay  die-cutting,  casting,  or  milling.  The  latter  procedure  -usually  provides  a  superior 
specimen,  avoiding  the  irregularities  in  dimensions  and  composition  normally  produced 
by  the  other/  methods.  if 

It  was  recognized  fa thet  early  that  although  the  JANAF  specimen'  has  the  obvious 


advantage  of  preparation  ease  in  large  quantities,  certain  precautions  must  be  taken 
in  order  to  provide  meaningful  property  data.  Since  the  specimen  tends  to  extrude 
out  of  the  jaws  when  a  load  is  applied,  strain  data  based  on  jaw  displacement  alone’ 
tend  to  Include  substantial  errors'.  Figure -'‘l- is  an  illustration  of  the  extrusion 
phenomenon.  fVafious  techniques  have  been  developed  to  provide  a  more  accurate 
measure  of  strain  in:  the  JANAF  specimen.  One  approach  is  to  make, a  strain  measure- 
ment  which  is  independent  of  the  jaw  displacement,  by  optical  or  photographic  methods, 
and  to  compute  an  effective  gauge  length  for  the  specific  formulation  of  interest. 
Unfortunately,  the  effective  gauge  length  (EGL)  varies  with  strain  and  test  conditions 
for  most  propellants,  and  a  plot ‘of  EGL  versus  strain  must  be  used  to  correct  for 
this  variation.  . •>  1 

Other  techniques  for  a  more  satisfactory,  measure  of  strain  in  the -gauge  section 
of  the  JANAF  specimen  have  been  developed.  One  inexpensive  and  simple  method  is 

*’  ’  ;*  .  ‘  *■ ;  .  M 

the  us*1  of  a  clear  plastic  film  extensometer  which  is  attached  to  the  gauge  section 

:  .  r  ,  •:  .  ;  :  If,, 

of’ the  specimen.  A  mark  on  the  face  of  the  specimen  is  pulled  past  evenly  spaced 


lines  on  the  clear  film  and  the  recorder  chart  is  pipped  manually  as|the  mark  passes 

(Figure  not  available) 


each  of  the  tinea.  Figure  3  illustrates  this  technique./  Various  other  methods  are 


«  “  -  (1) 


also  used,  such  as  a  spring  clip  strain  gauge  developed  by  | Steele  and  Smith, 

"  :  i  v  .  (Figure  not  available. ) 
V  26  r  -fi 
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or  the  more  elaborate  extensometer  designed  bF  Farris'  ZD  7  shown  in  Figure  4./ 

At  present  there  is  considerable  effort  to’ develop  a  tensile  specimen  which 

,  ,  '  .  '  Un¬ 

does  not  exhibit  a  variable  gauge  length.  Most  popular  is  some  form, of  end- bonded 


sample.  Figure  5  shows  some  of  the  specimen  configurations  presently  in  use  or  under 
development.  Tne  end-bonded  specimens  have  been  quite  satisfactory  for  response 
measurements  in  many  cases,  but  the  tendency  to  rail  at  one  of  the  bonded  Joints  makes 
many  oT  the  configurations  unacceptable  for  ultimate  property  determinations.  A 
specimen  which  has  shown  considerable  promise  is  that  developed  by  8aylek^  \  The 

-t 

details  of  this  specimen  are  shown  in  Figure  6.  It  is  cast  in  a  cylindrical  mold  and 
steel  washers  are  bonded  to  the  ends  with  an  epoxy  glue.  Figure  7  Illustrates  the 
improvement  in  the  variation  of  effective  gauge  length  with  strain  Vhen  this  config¬ 
uration  is  compared  with  the  JANAF  specimen. 

The  uniaxial  teat  is  widely  used  for  quality  control  and  formulation  testing 
for  obvious  reasons.  The  JANAF  configuration  is  not  likely  to  be  replaced  for  these 
purposes,  especially  since  the  backlog  of  information  relative  to  the  formulation 
art  is  composed  primarily  of  data  from  this  specimen.  Grain  structural  analysts 
require  more  precise  information,  however,  and  when  uniaxial  data  is  obtained  for 
their  purposes  more  elaborate  and  time-consuming  tests  may  be  conducted. 

TEST  MODES  '■  -  j  . 

y.:  .  f 

This  discussion  applies  to  various  test  configurations  whether  uniaxial  or 
multiaxiel  and  is  related,  in  general,  to  commercially  available  testing  machines 

with  controlled  jaw  displacement  rates.  The  characterization  of  Viscoelastic  mate- 

.  .  .  'i$  \ 

rials  requires  testing  conditions  over  wide  temperature  ranges  andj  at  times,  a 
range  of  strain  rates.  Although  material  properties  are  discussed  in  some  detail 
in  a  later  section,  it  should  be  recognized  that  the  general  applicability  of  time- 
temperature  equivalence  principles  provides  the  convenience  of  temperature  variation 
where  very  short  or  extremely  long  time  testing  would  be  impractical. 

-‘y.:  ;‘;V;  -*■  •. 
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The  constant  placement- rate  test  mode  :s  most, frequently  employed.  This 

meets  most  of  the  requirements  for  mass  testing  such  as  in  the  quality  control  sit¬ 
uation,  but  various  test  analyses  methods  have  made  it  quite  suitable  for  design  as 
well  as  research  purposes-  Displacement  rates  frou  0.2  to  20  inches  per  minute  ere 
normally  employed,  but  some  testing  equipment  provides  reasonably  controlled  rates, 
upwards  of  10,000  inches  per  minute.  Extremely  low  rate  tests  are  very  time  consum¬ 
ing,  of  course,  but  some  specialized  equipment  has  been  designed  to  produce  strain 

rates  down  to  8  X  10  ^  inches  per  minute. 

Constant  strain  for  stress^ relaxation  tests,  and  constant  load  creep  tests, 

may  be  conducted  in  simple  devices.  In  these  tests  control  of  temperature  is  quite 

critical  since  the  results  are  usually  applied  aB  a  spectral  representation  for 

structural  analysis  or  research  purposes.  Figure  8  illustrates  a  multistation 

(Figure  not  available.)  ?' 

creep  tester. with  automated  data  recorders,/  Strain  and  load  endurance  tests  are  con¬ 
ducted  in  similar  devices,  but  the  conditions  existing  at  failure  and  time  to  failure 
are  normally  the  only  data  required.  The  endurance  tests  are  used  frequently  -to 
supplement  the  constant  displacement  rate  tests  for  routine  evaluation  purposes. 

Other  test  modes  such  as  constant  loading  rate  and  variable  strain  rate  have 
br.en  employed  on  a  limited  basis  as  research  techniques  to  investigate  such  phenom¬ 
ena  as  the  path  dependence  of  failure,  but  no  general  description  of  these  tests 
can  be  provided.  Of  course  the, entire  area  of  dynamic  testing  and  fatigue  employs 
a  variety  of  specialized  test  conditions,  but  these  will  be  discussed  in  a  later 
section  devoted  to  that  topic.  ’"f, 

v£.. 

PROPELLANT  PROPERTIES  § 

Some  of  the  more  unusual  properties  of  solid  propellants  result/from  their  basic 

•  ,:V 

composition.  The  two  general  categories  of  double-base  and  composite-rubber-binder 
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propellants  have  many  sub-categories,  but  no  exhaustive  compilation  will  be  attempted 
here.  It  should  be  sufficient  to  recognize  that  most  modern  propellants  consist  of 

a  deformable  binder  phase  and  a  crystalline  salt  filler  such  as  ammonium  perchlorate 

- 

and  usually  a  powdered  metallic  fuel  such  as  aluminum.  Table  I  gives  some  typical 
compositions  for  both  composite  rubber-based  and  composite  double-base  systems. 

A  very  brief  outline  of  the  methods  of  production  of  the  two  general  propellant 
categories  is  in  order  at  this  point  to  provide  a  minimal  background  for  following 
discussions.  Much  more  detailed  information  may  be  found  in  the  accompanying  articles 
in  this  series. 

Composite  rubber-based  propellant  ingredients  are  usually  mixed  together  at 
somewhat  elevated  temperatures  (ca.  100-160°F)  so  that  a  reasonably  fluid  and  uni¬ 
form  mixture  results.  The  filler  materials  are  dispersed  in  the  low-molecular- weight 
polymer  (M  *  2000-5000)  and  other  liquid  ingredients,  and  the  resultant  mixture  is 

"ja'j* 

poured  through  de-aerating  devices  into  an  evacuated  mold.  In  many  instances  the 
mold  is  the  motor  case  which  is  suitably  fitted  with  a  casting  mandrel  and  lined 
with  an  insulating  adhesive.  The  motor  is  then  cured  at  elevated ^temperature 
(ca.  140-160°F)  for  several  hours.  The  propellant  grain  retains  the  geometry  of  the 
mold  after  cure  and,  therefore,  many  predetermined  ballistic  characteristics  are 
built-in.  The  grain  is  somewhat  rubbery  over  a  wide  temperature  range  and  is 
dimensionally  stable  within  certain  physical  limits.  The  ability/to  deform  without 

.V/. 

rupture,  and  to  recover,  is  quite  important  since  any  cracks  or  unbonds  which 
develop  would  result  in  additional  burning  surface  and  an  unpredictable  chamber 
pressure  during  motor  operation.  =|v> 
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TABLE  I 


TYPICAL  SOLS)  PROPS UANT  FORMULATIONS 
HYDROCARBON  BINDER  COMPOSITE 

INGREDIENT  WEIGHT  Z 

Ammonium  Perchlorate  /  70.00 

Aluminum  Powder  16.00 

Poly  (butadiene-acrylic  acid -acrylonitrile)  11.78 

Epoxy  Curative  *  2.22 

POLYURETHANE  BINDER  COMPOSITE 

INGREDIENT  WEIGHT  1 

Ammon itai  Perchlorate  ’65.00 

Aluminum  Powder  17.00 

Polyalkylene  Glycols  '  '  12.73 

Dlieocyanate  "f  2.24 

Trloi  ■  i  0.43 

■  ,'i 

Additives  and  Plasticizer  c-  2.60 

COMPOS  I  IE  DOUBLE-EASE 

INGREDIENT  WEIGHT  % 

Armor,  i  urn  Perchlira re  ■:20.4 

Aluminum  Powder  : 21.1 

Nitre  cellules*  21.9 

Nitroglycerine  ;29.0 

Triacetin  ;  v  5.1 

2.5 
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Stabilizers 
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rn“  - imens  i onal  .viability  of  the  propellant  grain  is  the  result  of  the  cheaiea ! . 
. res 3 -linked  polymeric  binder.  It  is  to  be  expected  that  many  of  the  mechanical 

properties  of  the  final  cured  propellant  will  be  dicta tedjby  binder  characteristics. 

/ 

Another  important  consideration  is  the  affect  of  filler,  due  to  its’  physical  presence 
•  is  well  as  the  degree  of  interaction  with  the  binder. 

Composite  double-base  propellants  are  produced  by  allowing  an  energetic  plasti- 
i  izer,  such  as  nitroglycerine,  to  swell  and  coalesce  particles  of  a  high-molecular- 
v«fght  polymer  such  as  nitrocellulose.  The  ingredients  are  dispersed  by  one  of  two 
processes  in  general  use.  The  first  is  a  casting  technique  in  which  the  basic  in¬ 
gredients  are  extruded  and  chopped  into  small  granules,  and  these  are  poured  into 
the  motor  case  cr  mold.  The  plasticizer  (solvent)  is  introduced  into  the  evacuated 
granule-containing  mold  under  pressure  with  some  vibration  to  aid  in  the  elimination 

of  bubbles.  The  second  technique  utilizes  a  slurry  of  small  premixed  granules  and 

•  I  .  ■  : 

plasticizer  which  i3  then  poured  into  the  grain  mold.  In  each  case,!  curing  is 
accomplished  at  elevated  temperature  which  aids  in  the  diffusion  of, .plasticizer  and 
subsequent  swelling  of  the  polymer.  The  molecular  forces  which  develop  are  sufficien 
to  provide  rigidity  to  the  final  propellant  grain,  but  are  secondary* in  nature  and 
do  net  provide  a  continuous  covalently  bonded  netirork  such  as  that  found  in  rubber  - 
based  systems.  The  individual  granules  in  double-base  propellants  are  identifiable 

even  after  swelling  and  curing,  although  their  be  wdaries  are  somewhat  diffuse.  The 

'  § 

precise  curing  mechanism  is  not  completely  understood  for  these  propellants,  but  the 

.  .  1$i.  .*  • 

material  properties  may  be  controlled  by  variations  in  the  time -temperature  curing 

•  .  ;ij$  •  *  : 

cycles*  ’  H 

It  can  be  readily  seen  that  typical  composite  propellants  are  aighiy  filled 

••  '.W  ..*• 
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polymers,  and,  especially  in  the  case  of  the  rubber-based  systems,  are  more  nearly 


granular  media  than  merely  filled  rubbers.  Certain  specific  differences  between  the 

- - -  •  v. 

doublir-base  binder  and  the  elastomeric  binder  lead  to  scale  differences  in  behavior  , 
but  many  of  the  resulting  properties  show  similar ities.  The  relationships  between 
bulk  properties  and  microstructure  in  the  rubber-based  systems  are  much  better  under¬ 
stood  than  those  of  the  double-base  propellants  and,  therefore,  the  following  dis¬ 
cussions  will  focus  primarily  on  the  former  category. 

Figure  9  is  a  schematic  representation  of  a  uniaxial  stress-strain  curve  with 
certain  common  mechanical  property  definitions  indicated.  The  gradually  decreasing 
slope  and  plateau  region  followed  by  diminishing  stress  Just  before  rupture  are 
typical  features  of  the  composite  propellant  stress -strain  curve.  This  behavior  is 

readily  understood  when  one  considers  the  micros true tural  processes  which  occur  when 

(Figure  not  available. )  \  -f| 

the.  material  is  deformed.  Figure  10/ illustrates  the  so-called  VdeWettin^  phenomenon 
which  occurs  in  all  composite  solid  propellants  to  some  extent  when  a  load  is  applied 
The  motion  of  particles  imbedded  in  the  matrix  produces  sufficiently  high  stresses 
in  the  vicinity  of  the  binder-filler  interface  that  rupture  occurs  and  the  binder- 

fill  ?.r  bond 8  iu\y  be  pulled  loose.  The  initial  point  of  rupture  may  be  in  the 

/  **•  1  *.  *•  .•  t. "  / 

btr.d-.r  phasev  ‘‘  '  ,  but  in  many  capes  the  tear  propagates  to  the  filler  surface^ 

and  the  interface  is  separated. 

As  dewetting  takes  place  the  reinforcing  effects  of  the  filler  are  reduced  and 
a  decreasing  modulus  results.  When  this  process  has  proceeded  as  far  as  possible 
any  continued  deformation  is  sustained  by  the  binder  until  the  sample  breaks. 

Propellant  behavior  is  widely  varied  with  respect  to  this  process.  However. 
Differences  in  formulation  or  even  differences  in  te«t  conditions  may  produce  very 
localized  dewet ting  and  yielding;  or  the  process  may  occur  uniformly  throughout 

Vv  '  •  • 

the  specimen.  Obviously  a  local  yielding  condition  confuses  the-  interpretation 


of  test  results  oased  on  force  and  jaw  displacement  curves. 

When  microscopic  destruction  occurs  Within  propellant  samples,  whether  by  de- 
velting  or  by  the  formation  of  ismall  cracks  in  the  binder,  an  overall  volume  in¬ 
crease  my  be  observed.  This  phenomenon  ie  shown  in  Figure  11  by  means  of  a  plot 
of  volume  change  against  strain. 

The  dewetting  process  may  be  observed  with  a  microscope  if  some  means  is  pro¬ 
vided  to  strain  the  sample  during  the  observation.  Hilzinger  ^  has  produced 
many  excellent  photomicrographs  using  this  technique.  Various  techniques  have  been 
employed  to  monitor  the  volume  change  as  a  function  of  strain  in  propellant  samples. 
Rainbird  and  Vernon  ^  *  Smith  ^  ^  and  Stedry  and  Landel  and  Shelton^7^  have  shown  thi 

general  dependence  of  volume  change  on  strain  using  simple  di la tome ter a .  Kruse  ^  ^ 
examined  the  rt-te  and  temperature  effects  on  Poisson's  ratio  obtained  from  uniaxial 
tests  conducted  in  a  dilatometer ,  and  Fishman  and  Rinde^®  ^  extended  this  to  in¬ 
clude  seveial  propellant  variations  as  well  as  humidity  affects.  Extensive  inves- 

(jte  S 

tigations  of  deuetting  have  been  conducted  by  Farris'  who  has  provided  many  re¬ 
finements  of  the  strain-dilatometer .  Some  of  the  basic  design  features  are  shown 
(Figure  not  available. ) 

in  Figure  12./  Various  media  have  been  employed  as  confining  fluids,  including 
silicone  oils,  air  and  nitrogen.  Some  of  the  earlier  work  in  this  area  performed  by 
Svob  et.  al,^®^  made  use  of  simple  static  buoyancy  measurements 'at  various  strain 
levels.  :  , 

One  approach  which  does  not  utilize  a  confining  fluid  has  been  developed  by 
Saylak^7^1  \  This  technique  involves  an  optical  system  which  continuously  monitors 
the  lateral  strain  in  a  uniaxial  specimen.  The  specimen  must  necessarily  be  of 
circular  cross  eection  and,  obviously,  the  volume  change  computation  requires 
uniform  dewetting  throughout  the  sample.  This  method  is  not  rate-.-ahd*- temperature  - 


7? 


i.':.Ltc-d  slue.'  no  mechanical  attachments  or  fluids  ere  in  contact  with  the  sample.  A 

.,cb_-reatic  diagram  of  the  lateral  strain  device  is  shown  in  Figure  13.  Surland  and 

.(*100)  ,i* 

- Ivin  1  'describe  an  electro-optic  device  which  focusefiFon  a  rectangular  patch  on 

in  teat  surface.  A  mo  tor- driven  slit  is.  interpot-ed  between  the  target  end  a  fine 

p:ical  grating  in  the  instrument.  The  precision  of  this  instrument  is  reported  to 

depend  primarily  on  the  quality  of  the  optical  system  and  grating. 

Some  efforts  have  been  undertaken  to  study  propellant  dilatation  in  multiaxial 

.-.trees  fields  and  evert  in  small  motor  configurations.  Farris ^  haB  conducted 

limited  investigations  along  this  line  and  has  made  approximate  correlations  between 

uniaxial  and  multiaxinl  tests.  .  -i  • 

Generally  applicable  mathematical  representations  of  the  dilatlonal  behavior 

of  propellants  have  not  been  developed,  as  might  be  expected;  however  Fishman  and 

U ir.de ^  ^  ^  have  derived  empirical  expressions  for  £he  formulations  which  they  si  idled 

lhf.se  relationships  give  reasonable  description  of  uniaxial  behavior  over  wide  ranges 

i  '  •* 

of  strain,  time  and  temperature  for  a  number  of  testing  modes.  Equation  (1)  is 

•  jh]  \  .  •• 

re prison  La  live  of  cne  of  the  generalized  expressions  for  the  polyurethane  and  poly- 

butadiene  formula tiono  studied.-  '■  .  '■%  ?, 

log  '  /\c  =  A  [leg  U  +  B  log  t/bT  -  C(log  t/b^)2^  ■  (!) 

wh-.  rc :  V  »  ir.*»ial  sample  volume  • 

V  ==  sample  volume  after  time  t 

,  W  -  strain  energy  (area  under  stress-strain  curve)  .  ji; 

•  V*> 

bT  -  time- -temperature  shift  factor 
and  A,  B,  and  C  arc  constants  for  each  formulation. 

Figure  14  illustrates  the  relationships  between  ’-oluine  change  and  test  condi¬ 
tions  for  this  formulation. 


Although  daws  tiling  hae  bean,  and  la  currently  ,  the  subject  of  ouch  discussion, 

its  implications  with  respect  to  motor  performance  are  not  clear.  In  soma  cases  the 
'£*  -  \ 

propellant  burn  rate  appears  to  be  a  regular  function  of  volusm  change  as  shown  by 
/■iA  y  .  i 

Ssylak  ••  In  other  cases  the  onset  of  extensive  dsvetting  has  been  considered 
sn  operational  failure  condition.  It  is  quite  likely  ^hat  repetitive  environments i 
cycling  nay  involve  dewetting  to  the  extent  that  the  amount  of  dewetting  per  loading 
cycle  nay  be  a  reasonable  mature  of  da nags  to  structural  capability  end  nay  be 
applied  to  cumulative  damage  concepts.  Colodny^  ^  hae  shown  that  low-frequency 
streas-atrain  cycling  below  the  failure  limits  of  the  material  produces  a  general 
softening  until  sons  "equilibriUs^  condition  exists.  At  somewhat  elevated  temper¬ 
atures  there  appears  to  be  "reheellng^  of  the  relaxed  cycled  na  ter  is  1  and  the  orig- 
inal  stress -strain  curve  aey  be  regenerated;  The  implications  of  this  to  strength 


capability  of  the  cycled  natariel  is  not  defined  at  this  time,  but  e  general  dis- 

v  .  •  JT  ’  .• 

cusslon  and  tentative  approach  are  presented  by  Torasy  end  Britton^ ,  based  on 
a  first-order  rate  procass  assumption  for  the  rehealing  process. 

HULTIAXIAL  TESTING  j  /  -r  ‘  $  "• 

Although  the  uniaxial  tast  has  traditionally  recaivad  the  most  attention,  it 
is  generally  recognised  that  such  tests  alone  may  be  insufficient;  to  characterize 

•/»  r  V.  ..J  '  <■$ 

fr  1  '  •;  4.  *  .  Iw'#-  *•» 

adequately  the  mechanical  capability  of  solid  propellants.  Thlsls  especially 
true  in  the  case  of  ultimate  property  determinations  where  e  change  in  load  appli¬ 
cation  from  one  cxis  to  several  at  ones  may  have  e  strong  effect. on  the  relative 

'v-  !  •  *?>  ...  v 

i  ^  '  ■:&*  •• 

ranking  of  propellants  according  to  their  breaking  strains.  8ince  the  conditions 

>  Y  •  .  .  &;■  "■  , 

usually  encountered  in  solid  rocket  motors  lead  to  the  development  of  multlaxial 

'  if  '■  f| 

stress  fields,  tests  which  attempt  to  stimulate  these  stress  fields  aey  be  ex- 
pected  to  represent  core  closely  the  true  capability  of'the  material. 


Multiaxial  test  geometries  and  test  conditions  may  be  analyzed  with  reference 
to  three  orthogonal  principal  stresses  as  shown  in  Figure  15. 

ihssrvartous  octants  in  principal  stress  space  are  described  by  considering 
conditions  of  tension  (+)  and  -compression  (-)  and  their  combination.  Convention 
usually  takes  the  upper  right  hand  octant  extending  out  from  the  page  in  Figure  15 
to  be  the  tension-tension-tension  (-4-H-)  octant,  and,  similarly,  going  diagonally 
downward  and  backward  through  the  origin  the  (- — )  octant  is  reached. 

Figure  16  illustrates  several  test  specimens  which  have  been  used^"^ 
in  the  multiaxial  characterization  of  solid  propellants.  The  arrows  in  the  figure 
indicate  the  direction  of  load  application.  The  strip  tension  or  strip  biaxial. 

•  r  V„' 

test  has  been  employed  rather  extensively  in  failure  studies.  It  can  be  readily 
gtiUti  that  the  propellant  is  constrainedly  the  long  bonded  edge  so  that  lateral 
contraction  is  prevented  and  tension  is  produced  in  two  axes  simultaneously.  The 
sample  is  free  to  contract  normal  to  these  axes.  The  ratio  o f  the two  principal 
•  er.siie  stresses  may  be  varied  from  0  to  0.5  by  varying  the  bonded -length. 


The:  stresses  and  strains  which  develop  in  the  center  of  very  long  strips  are 

....  ■ 

related  as  follows:  '• 
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where  'T  p  ^  2  anri  ^3  are  t^ie  principal  shear  stresses,  and-Foisson's  ratio  is  1/2. 

The  diametral  compression  test  is  performed  by  compressing  a  thick  disc  along 

a  diameter  of  the  specimen.  A  dlameter-to-thickness  ratio-  of  approximately  3  is 

(Figure  not  available.) 

preferred.  Figure  1? /shows  this  test,  including  grid  litfes  and  gauges  for  measuring 
the  strains  developed  as  the  sample  is  compressed  between jthe  tester  platens. 

The  stress  field  which  is  developed  at  the  center  of "this  test  specimen  is 
compression-tension,  and  taking  the  y  axis  to  be  the  compression  axis  the  compressivt 
stress,  0"y»  Is  given  by^*» 


-6  F 


« r 


'tr  td 

where  d  *  sample  diameter 
t  «  thickness 


F  -Compressive  force 

y 


(2) 


T 


aid  the  tensile  stress  normal  to  the  axis  of  compression,  (J^  is  given  by 
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Tf  td 
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The  corresponding  strains  are 
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(5) 


where  \)  is  Poisson's  ratio  and  E  is  the  modulus. 


The  total  deformation  U  along  the  diameter  in  the  x  direction" is  given  by 
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U _ X_ 
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The  simple  shear  teat,  also  shown  in  Figure  16,  was  designed  in  the  "chevron” 
configuration  to  eliminate  premature  tensile  failure  at  the ^corner  between  the  lead- 

V*  . 

— “  '  '*7'  ' 

In g  *dge  and  the  central  plate*  It  is  apparent  that  the  propellant  at  these  corners 
will  be  in  compression  during  most  of  the  test*  .  '  T-  '  ' 

Another  biaxial  test  which  is  not  shown  here  utilizes  £ t,  thin  disc  of- material 
which  is  clamped  around  the  edge  and  inflated  by<air.  The  pressure  ptahd.  the  radius 
r  are  monitored  and  if  the  disc  is  circular  the  stress  field  Is 


■  $>y  '  V ' 
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(7) 


A  complete  description  of  this  test  and  certain  variations  Is  given  by  Spangler ^93,94) 
and  Long,  Rainbird  and  Vernon' JO  .  -I 


& 


•  Triaxial  tests  usually  involve  much  more  elaborate  testing  equipment  and  more 

.'v  '  •  V 

precise  measuring  techniques  than  those  normally  employed  for  uniaxial  arid  biaxial 

;  ,  v  ...  r  :  $  .y  '■  , 

measurements.  One  of  the  more  widely  employed  teats  is  the  so-called  "poker  chip” 
test'  ^2,  ^  \  In  this  test  the  faces  of  a  thin  circular' disc  are! bonded  to 


(Figure  not  available. ) .  \ 


rigid  plates  as  shown  in  Figure  18./  The  specimen  is  loaded' by  axia ^displacement  . 

■  ■  ■■  % 

.  f  the  plates f  normal  to  the  face,  and  the  lateral  constraint  induces'  a  triaxial 

■  ■  .*«•  1  .  4#-  ,  * 

stress  in  the  sample.  The  triaxial  stress  field  approximates  hydrostatic  (equal 
triaxial)  conditions  near  the  center  when  (1)  the  grip  plates  are  Very irigid, 

■■  .  ,  >  -v'-v  ■  '  V  4s<-  f-K-  :■ 

(2)  the  disc  diameter  to  thickness  is  large  (>10),  and  (3)i  the  ratite of  shear  to 

bulk  modulus  is  very  small  compared  to  unity  (Poisson’s  ratio  near  The  '  s 

V  •*£'  •  ■■  . 

'-S  ■  •  jf  ■  '  (56) 

poker  chip  configuration  has  been  Analyzed  by  Lindsey,  Williams,  Schapery,  Zak'  and 


Brisbane 


< 


and  by  Messner 


(64) 


and  the  stress  and  displacement  express lone  will  not 


if. 


be  g:vr.n  her* . 


Re. f idem* nt  cf  the  poker  chip  test  to  include  a  center  load  cell§lh  one  of 


t-ha  bonded  plates  is  reported  by  Herbert^39  \  Figure  19  shows  the  stress -strain 
curves  generated  by  external  measurement,  as  well  as  the  failure  point  determined 
by  the  center  load  cell . 

A  unique  and  considerably  more  elaborate  multi-axial  test  employs  a  thick-walled 

-  •;  '  i'  ' 

hollow  sphere  test  specimen  which  may  be  pressurized  internally  or  externally  with 
a  nearly  incompressible  liquid.  Figure  20  illustrate^  the  essential  features  of  the 
test  device  as  .described  by  Bennet  and  Anderson^,  3  ^ .  The  specimen  is  prepared  by 
casting  propellant  in  a  mold  fitted  with  a  sand -polyvinyl  alcohol  mandrel  inside  ’ 
the  sphere  which  may  be  easily  removed  after  curing.  A  cortstant-displacement-rate 
instrument  drives  the  pistor  to  pressurize  the  chamber  and  apply  large  deformations. 
The  piB ton's  total  displacement  volume  is  transferred  to  the  specimen.  It  can  be 
seen  that  simultaneous  internal  and  external  pressures  may  .'be  applied  and  so  ad¬ 
justed  to  provide  a  variety  of  stress  fields.  The  stress  and  strain; are  measured 
in  the  hoop  and  radial  directions  at  the  internal  boundary  of  the  sphere. 

For  an  externally  applied  pressure,  a  compression-compresoion-compression  stress 
field  is  obtained  with  a  thick-walled  sphere.  If  the  sphere  wall  is1 thin  a  biaxial 
compression-compression  field  is  produced.  If  the  pressure  is  applied  internally 
a  triaxial  tension-tension-compression  state  is  generated, and  similarly,  if  the 
wall  is  thin,  a  biaxial  tens ion -tens ion  fisld  is  obtained.  A  nearly  uniform  stress 
field  is  produced  over  the  entire  specimen.  The  supporting  tube  is  surrounded  with 
a  low  modulus  material  to  avoid  stress  concentration  and  premature  rupture  in  this 

vicinity.  The  relative  magnitudes  of  the  stresses  are  varied  by  changing  the 

,  -:1  -  -  as.  : 

thickness  of  the  sphere.  One  additional  feature  of  this  test  is  ability  to  examine 

the  effects  of  pressure  on  the  mechanical  properties  of  propellant.  Obviously  the 

1  v;  ... 

various  test  modes  such  as  constant  strain  and  constant  stress  may  be  determined 
by  regulating  the  pressurizing  system. 


{86  )  '' 

An  apparatus  described  by  Sharmav  °  1  utilizes  a  tubular  specimen  which  may  be 
strained  logitudi nally  with  internal  pressurization.  Loading  rate';  can  be  varied 
a-d  strains  are  measured  by  clip  gages.  This  device  permits  characterization  of 
pr  JDfcllant-like  materials  in  various  biaxial  tens ion -tens ion  and  tftaxial  tension 
compression  stress  fields.  A  schematic  diagram  of  the  apparatus  is  shown  in  Figure  24 


Uniaxial  tension  testing  with  superposed  hydrostatic  pressurefhas  been  described 

(107)  (99)  i  ' 

by  V-rncn,  and  Surland,  Boyden  and  Givan'  .  Suchitests  provide  response  and 

'•••'  .  .  '*  %  £  : 
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failure  measurements  in  the  trlaxial  compression  or  tens ion -compress ion -compress ion 


octants. 

DYNAMIC  TESTING 


/A  if:'. 
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A  wide  variety  of  dynamic  tests,  testers  and  specimen  configurations  have  been 


emptc/rd  in  the  measurement  of  solid  propellant  response* to  cyclic; loading.  Table 

:  ;h.&  '  :  .  ,-v  J.;  •,  '  ||  £&  .Y  ; .  *  • 

II  summarizes  many  of  the  techniques  and  characteristics!; with  appropriate  references. 


In  most  instances  the  loading  is  applied  in  a  regular  sinusoidal  mariner a 1 though 

•  •  ‘ •  *.v:  •  •• 
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ocher  nonsinusoidal  time  functions  may  be  considered  in  some  tests* 

■  ■  ■  ■>:'  -yi.:  &?£ 
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As  pointed  out  by  Britton'1  ,  the  measurements  are  useful  Ini 
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and 
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r-s.-arch  studies  pertaining  to:  . 

V-  Vibration  analysis  of  structure! 

:  *  *0 

2-  Propellant  viscoelastic  behavior 

3-  Oscillating  combustion 

4- !  Internal  attenuation  of  shock  waves 

5-  Fatigue  life 

Test  methods  can  be  arranged  according  to  two  majorfeategotiesix;; 

(a)  Relatively  low  amplitude  tests  '(<1%  strain)  for  relatively  short 
times,  with  response  measqrea  in  terms  or  complex  or  dynamic  modulus..-: 


W  ' . 
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imes,  with  response  measqred  in  terms  of  complex  or  dynamic  rik>duliisi  ;|  ! 
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TABLE  II  (From  Ref  14) 
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(b)  Relatively  high  amplitude  tests  (strains  approaching  uniaxial  rupture) 
for  a  time  sufficient  to  cause  deterioratioh  and  ultimate  failure.  Time  to  failure 

NC' 

at  a.  given  applied  stress  or  strain  amplitude  is  determined. 

A  general  description  of  the  fundamental  relationships. governing  the  dynamic 

(36,27,89) 

response  of  linear  viscoelastic  materials  may  be  found  in  several  sources 
and  will  not  be  repeated  in  detail  here.  It  should  be  sufficient  to  note  that,  in 
general,  sinusoidally  applied  strains  (stresses)  result  in  sinusoidal  stresses 
(strains)  that  are  out  of  phase.  Measurements  may  be  made  under  uniaxial, 
shear  or  dilational  loading  conditions  and  the  resultant  complex  moduli  or  com¬ 
pliance  and  loss  phase  angle  are  computed.  Rotating  radius  vectors  are  usually 
taken  to  represent  the  stress  and  strain  behavior  for  graphical  analysis  on  a 
complex  plane.  Complex  stresses  («?*)  and  strains  (€  *)  may  be  written  as: 

fjr*  *  o-a  cosojt  +  i  siiwut  vi  (8) 


€  *  s.  €  a  cos  (<&-£)  4  i  sin  (CJ t  -  S ) 

Where:  1. 


t =  stress  amplitude 
€  _  -  strain  amplitude 
sr  loss  phase  angle 
CO  circular  frequency 


t  3  time 


The  complex  modulus  may  therefore  be  defined  as: 


E*(co)  = 


and  in  terms  of  its  components 


E*  (W)  '  =  E'  (<o)  +  iE"  (A>) 


where  E’(co)  is  called  the  storage  modulus  and  En(c«j)  is  the  loss  modulus.  The 
ratio  E"/E ’  is  equal  to  the  tangent  of  the  loss  angle.  The  dynamic  compliance  D*  - 

6*/(T*  and  stora8e  and  loss  compliance,  D*(A»)  and  D"(eU)  may  be  defined  in  a 

- *  • 

b imilar  manner.  These  symbols  are  usually  applied  to  uniaxial  loading.  The  designa¬ 
tions  )  and  are  normally  employed  for  complex  shear  modulus  and  com¬ 
pliance,  respectively.  ; 

Dynamic  measurements  can  be  made  using  either  free  or  forced  vibrationc,  and  at 
resonance  or  outside  of  resonance  conditions.  Since  the  material  is  time  and  tem- 

'  ■:%  .  .  •  K" 

parature  dependent,  characterization  over  vide  frequency  ranges  may  be  greatly 

,  -  \  •  ji’* 

simplified  by  applying  the  WLF  (114)  equation  for  time -temperature  equivalence. 

. .  '■  \  ,/f  * 

This  relationship  haa  been  found  to  be  generally  useful  In ilnany  propellant  studies 

•'  '•/  •  '  *?,r4  • 

when  used  with  caution  under  conditions  which  have  established  validity ^ 

Sample  shape  and  size  are  of  considerable  importance  When  selecting  dynamic 
test  methods  for  solid  propellants.  Preparation  must  take  account  of  surface 

conditions  and  precise  dimensions.  Usually  cast  specimens ^retain  a  polymer- rich 

•  ;  -  • 

surface  layer  and  should  be  avoided.  Additionally  the  sample  dimensions  should 

-  •  •• 

iip  •  . 

be  large  compare-1  to  the  size  of  the  largest  solid  particle  inclusion  in  the 


propellant. 


:'e.: 


•f.S o- 


m' 


Forced  vibrations  at  large  amplitudes  may  result  in  propellant  deterioration 
by  several  mechanisms.  Tormey  and  Brit  ton  examined  this  problem  frost  .the 

viewpoint  of  micros  true  tural  change  as  well  as  engineering' mechanics^  '>ilhen  a'- 

•  .  ••  1.  I .  •  '  r <•'  •  /  ■  . 

;  .  j  ’  ••  .  Z&X  v 

force  is  applied  to  the  material  add  deformation  results,  the  mechanical:  energy 

•;  •  .  -f.  ";i: 

may  be  distributed  in  several  ways. such  as ;  (1)  energy  stored  in  recoverable 

*  •  .v  "  .  .  i;.  .  •  • 

elastic  deformation;  (2)  InterBase  dewetting;  (3)  bond  breakage;  ^(4) ^viscous 
flow;  (5)  heat  generation,  etc.  Hew  surfaces  Sire  formed  in  terns  ily?|due;  to 


micro fractures  In  the  binder  as  well  as  binder-filler  dewetting.  The  generation  cf 
heat  may  b^  qaiteveimilar  to  that  experienced  in  the  repeated  flexing  of  rubber  tires 

During  the  application  cf  cyclic.1  loading,  ascertain  portion  of  the  mechanical  energy 

- - 

of  each  cycle  isrloet  as  heat.  "If  the  Heat  cannot,  be  transferred  to.  the  surroundings 
at  a  sufficient  rate,  the  temperature  of  the  material  will  rise. 

The-Ven»rgy  which  is  lost  in:' each  cycle  when  -an  alternating  stress  is  applied  to 
a  •yiscoelasticicaterial  may  be  expressed  aa: follows: 

VT  E";£  2  .  :  ...  -J--  :  -  .  .  .'  (12) 

.  *  3  i  ■  V  .  '  . 

.■  •■•••  :.f  ‘  ...  ,  •  ?  :•••  ■  ’  ,  <■•••'  ..  ■■.  '■}  ■  '  %■'.  :■ 

or  ■■  •:*  .  . 

W’  »V»n<ra  2  ”  S  ;  ^  *•  (13) 

3  * 


Where  D"  is  the  loss  compliance  or  the  out -or -phase  component  of  the  dynamic 


T  , 


compliance.  The  rate  is  given  by 

•  ’*  w  V’.*  W  ’ m  '*  '* 

W  -  1/2  a>  D"  tr 


which  fop.  N  cycles  gives 

cra  2  .1 


A  vivid  example  of  the  resultant  deterioration  of  a^_  sclid  propellant  grain  is 

ehowit  in  the  report  by  Tormey  arid  Britton  ,  yherea  /grain  was  .subjected  to  a 

'.'1  i  ...  if  f  r-f.  4'  r  .  *:«•'  !$£■  ,  • 

5g  input 1  at/ resonant  frequency  ■  fcr  about  6 vx.llO-  cycles is  The  propellant  degraded 

so  badly; that  it  lest  dimensional  stability  and  flowed  ^Another  example  illustrated 
th4  tendency  <>f  vibration- to  propagate  fradture  irt  certain  highly!* tressed  regions 
cf  the  gtaih.  J. Although  the  energy  loss  per  cycle  may  appear  as  a/buiidup  of  heat 
m  the  material,  this  process  is;  related,  to  'Several  govern icg.  factors i  An  in¬ 


creasing  temperature  in  a  viscoelastic  material  generally  results  in  a  decreasing 
modulus.  This  may  lead  to  larger  deformations  at  a  given  input  vibrational  force 


if  the  mass  is  not  amplitude  restricted.  Since  th:s  heat  generation  in  a  linear 
vir'coela? tic  material  increases  in  proportion  tc  the  second  power,  of  the  strain, 
the  process  may  tend  to  run  away,  unless  there  is  a  correspondingly  large  decrease 
in  the  loss  modulus,  .  .  $  -:.'V 

Schaperyv  ’  has  examined  steady-state  and  transient  temperature  distributions 
resulting  from  energy  dissipation  in  viscoelastic  slabs  and  cylinders  subjected  to 
cyclic  shear  loading.  The  temperature  dependence  of  the  dissipation  was  introduced 
through  the  assumption  of  thermorheologically  simple  behavior.  A  non -linear  heat 


conduction  equation  resulted,  and  coupled  processes  fori  heat  conduction  and  tnechan- 


■\d‘- 

■''l 


ical  deformation  were  treated  by  two  variational  principles.  Shapery  and  Cantey 
studied  thermomechanical  phenomena,  placing  particular  ^emphasis  on  the  nature  of 


(  83) 


thermal  instabilities.  An  experimental  examination  of  /solid  propellant  subjected 

■;  •  M-  ■;  .  V'.;' 

to  steady-state  sinusoidal  shearing  was  conducted  using  Specimens  insulated  so 
that  heat  transfer  was  one -dimensional.  Loading  was  accomplished  in  constant 

■  •  ’  -V--  •  '  •  ■  ••  .  **.■  - .  , 

applied  strain  experiments  and  in  forced  vibration  witBi  inertia  where  the  attached 
mass  wa3  free  to  move.  Shapery' 8  predictions  of  dynamit  Jump  instabilities 
under  certain  critical  conditions  were  qualitatively  verified.  Figure  21  shows 
a  schematic  drawing  of  the  large  deformation  sinusoidal-  test  apparatus  and  specimen 


configuration  which  were  used./ 


•  :  M  M 


x:£.  ;•«£.  '  .. 

There  Is  an  important  aspect  involved  in  large  deformation  |cyclic  tests  vhich 

•  M  --a*  V-  •  •  ’ 


■%? 


is  related  to  the  amount  of  damage  done  in  each  cycle  vhich  may  Accumulate  in  a 

i-  '  -  *  .  :■  ■  '  ••  S'-:  i-.  I''' 

-  •  '  -  ■  ■  ?  T.  .  \  ''-■•-1^  ’  ■  '*£%.  >' 

predictable  fashion,  but  which -is  also  dependent  on  conditions  which?. may  allow 

z.  .  '  j/..  ^  y  If. 

recovery.  These  items  will  be  discussed  in  a  latter  section,  deling  specif ically 
with  the  problem  of  failure  in  solid  propellants  and  some  implications  for  cumu¬ 
lative  damage.  I, 


,'S  • 

f 

■I 


•Vr 


PHmCO-CSSMIC&L  CH.4UACT ER IZAT ION 


Whilts  JEefchanical  testing  of  all  types  provides  a  general  description  of  the 

- ...  >C~ 

bulk  properties  of  solid  propellents,  it  is  difficult  to  make  generalizations  or 
even  extrapolations  which  may  be  used  in  a  predictive  fashion.  When  the  content  or 
type  of  solid  filler  is  changed, ‘or  curative  ratios  are  altered,  there  is  no  simple 
Torresponding  material  property  change  which  can  be  defined  based  on  mechanical 
testing  experience.  If  filler  content  and  type  are  held  constant  it  may  be  expected 
that  many  mechanical  properties  are  governed  by  binder  cross-linking.  Double-base 
formulations  arie  particularly  confounding  with  respect  to  variations  in  degree  of 
"cure’’  because  a  continuous  chemically  cross-linked  network  is  not  formed.  Pseudo- 
equilibrium  modulus  measurements  may  be  employed  to  characterize  the  extent  of 
gellation  in  these  materials,  but  only  an  "equivalent"  nross-llnk  density  may  be 
computed.  ■  It  is  not  at  all  clear  what  benefit,  in  a  predictive  sense,  is  provided 
by  such  measurements. 

Considerably  more  satisfactory  results  have  been  obtained  with  composite 
rubber- based  propellants.  The  binder  cross-link  density  and  sol': fraction  may  be 
determined  by  employing  modified  swelling  and  extraction  techniques  common  to  the 
field  of  p:  lymer  sc  ience.  The  complications  introduced  by  the  measurement  of  such 
parameter*  in  the  presence  of  very  high  filler  volume  fractions  are  significant, 
but  nevertheless  useful  techniques  have  been  worked  out.  The  determination  of 
crosB-link  density  in'  composite  solid  propellant*  has  been  described  (47,  3,62) 
where  bctlt  swollen  tension  and  compression  methods  were  employed.  Previous  efforts1 
utilizlngK"equilibrium"  modulus  measurements  or  volume  swelling ^techniques  encount¬ 
ered  soma  obvious  difficulties.  Equilibrium  measurements  are  practically  impossible 


to  obtain  since  the  gradual  dewetting  of  the  binder-filler  composite  structure 
contributes  a  relaxation  mechanism  with  very  stubborn  and; non -reproducible  charac¬ 
teristics  When  high  temperatures  and  very  long  times  ate  employee!,  some  chemical 
changes  are  possible,  but  a  significant  factor  is  the  change  in  moisture  content* 

The  moisture  effects  on  solid  propellant  properties  can  be  considerable  and  will  be 
discussed  in  the  section  on  "Aging".  .  • 

Volume  swelling  measurements  have  produced  erratic  results  even . under  the  ooS t 

carefully  controlled  condition*.  One  important  contribution  in  this  regard  is  the 

'  t  o)  ■  }.  ■  ik 

work  of  Bills  and  Salcedo  ►  These  investigations  showed  that  Complete  release 

...  .  ;  '  .  ■  •*  •  •'  •••  '  .  . 

of  the  binder -filler  bond  could  be  obtained- with  certainlsolvent  systems,  and  that 
the  volume  swelling  ratio  is  independent  of  the  filler  content  when  complete  re¬ 
lease  is  achieved.  Seme  thermodynamic  problem*  exist,  however,  when  such  tech- 
niques  are  employed  to  provide  a  quantitative  measure  of  Across -link  density.  First, 
equilibrium ‘swelling  is  very  difficult  to  achieve  since. the  fragil£;  swollen  gel 

tends  to  deteriorate  with  time  even  under  die  best  of  conditions.  ^Second,  the 

_■  ■  ..  -0.  fc'.  ... 

solubility  of  the  filler  (ammonium  perchlorate)  and  other  additives  tends  to 
alter  the  solution  thermodynamics  of  the  system  in  an  uncontrollable: manner i  Non - 

■%  :■  -  -:S'f  ■  ■■>>«:  '  >v.  • 

reproducible  polymer -solvent  interaction  results-,and  replicate  ya luiek  o f  cross-link 

*  .  •.  •  *  .  .  f,  -  .*•;  ;  •;  {:>  r  :  :  ~ 

density  are  not  obtained*.  •  ‘  •-  J||  •:  ‘J  ■  ’J-V-fV. 

Swollen  tensile  and  compression  techniques  avoid- bobi  of  the#e  problems  slhce 

equilibrium  swelling  is  not  required  and  die  method  is  based  on  inter facial  bond 

.  •  /•*  .  •  •  ,  -#•••  •'  ;  i-pv  ; ;  ■/ 

release  and  "plasticization"  rather  than  solution-  thermodynamics./ ‘The  technique 

;  m  :.'V  ■'■■■  V  • 

•  *  *  ’  ’  ;V  !/  ■I*.''"’.'*  *  .-* 

relies  upon  the  approach  to  ideal  rubbferlilte  behavior which  results  when  lightly 

•  •  •  .  if- s... '• 

cross-linked  polymers  are  swelled.  At  small  to  moderate? elongations^- the  stress- •  . 

■'  ij ?Vv-  V  T-.-f  ■ 

strain  properties  of  rubbers  have  been,  deveribed: by  a  stAtistical| theory,  of 

-.-  •••  '-V  -VV.-,  : -syr\c&:' -ii  -r  • 


rubberllke  elasticitv 


(  105) 


resulting  in  the  following  expression: 


<r=  V>ekT(X-l/A2) 


(16) 


where  |^e  is  the  number  of  effective  network  chains  per  unit  volume,  k  is  Boltzmann' 

constant,  T  the  absolute,  temperature  and  X  is  the  extension  ratio.  Mooney^  ^  and 

75  V.  ■  ■ 

Rivirn  ’.  have  developed  expressions  which  result  in  a  iwo-coristant  description 

which  more  Nearly  approximates  real  behavior.  For  simple  tension,1  this  is: 


OT  =.(2^  +  2C2/^)(7S-1/A2)  ;  (17) 

v;here  are  empirical  constants.  The  first  constant,  Cp  has  been  related 

tc  V^kT  of  the  statistical  theory  expression,  and  C 2  to  various  deviations  from 

the  model  behavior  such  as  chain  entanglement  and  molecular  interactions. 

A  plot  of  CT/(X"  17  Pv2)  against  !/>>  usually  results  in  a  straight  line,  at 

small  strains,  with  2C,  as  the  intercept. and  2C-  as  the  slope.  This  .treatment  is 

commonly  referred  to  as  a  Mooncy-Rivlin  plot.  Obviously,  if  the  slope  of  the  line 

is  zero,  the  material  may  be  represented  by  the  expression  for  "ideal"  rubbery  be - 
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havlor.  Gumbrc:  11,  Mullins  and  Rivlin'  have  examined  the  tensile  properties 
of  various  rubbers  in  the  swollen  condition They  showed  that  a  zero  slope  could 
be  obtained  in  a  ‘Mooney-Rivlin  plot,,  after  only  moderate  swelling  ^independent  of  . 
the  swelling  solvent. 

The  applicat ion  of  such  techniques  to  solid  propellants  has  ;been  attempted, 
out  reproducible  results  depend  on  the  attainment  of  complete  binder  filler  re¬ 
lease  and  an  adequate  measure  of  the  binder  sol  fraction.  Preliminary  swelling 

\  .  .  '  .  ..  •  ,  ...  -V  ,',v j,  •.•  • 

studies  to  determine  a  solvent  system  and  conditions  which  do  not- degrade  the 

propellant . ere  required.  Common  extraction  techniques  are  employed  to  determine 
the  sol  fraction.  .This  determination  is  then  applied  as  a  correction  in  the 


computation  of  cross-link  density.  Tub  force -deformation  reiitionship  for  swollen 


rubbers  is 


F/A-  <*-t$  »2-^  (M) 

where  F  is  the  force,  A  is  the  unstrained  unswollen  cross-sectional  area  and  v2  is 
the  volume  fraction  of  rubber  in  the  swollen  gel.  A  Correction  for  v2  is  required 
for  large  soi  fractions  as  given  by  Bills  and  Salcedo^®  ^ 


V  -Vs  t  -  V. 


V  -V  /V 
p  e  r 


where  Vp  is  the  volume  of  sample;  Vst,  the  volume  of  solvent  in  the  swollen  sample; 

V  »  the  volume  of  extractable  polymer  (sol);  and  V  ,  the  volume  fraction  of  rubber 

©  r  -j. 

in  the  sample. 

The  average  cross-sectional  area  of  rubber  in  filled  samples  has  been  the  sub¬ 


ject  of  much  discussion  , 


In  a  filled  system  which  swells  to  a  foam- 


like  material,  the  average  cross-section  of  effective  rubber  is  : given  by  the 
initial  sample  area  multiplied  by  the  volume  fraction  .of  rubber |in  the  sample  and 
by  the  area  fraction  of  gel.  The  volume  fraction  and  area  fraction  are  identical 


in  multi-phase  solids . 


Swollen -tens ion  methods  using  various  sample-gripping  techniques  have  been 

■:  i'  .  '••■I'  '  ’  f z  ■‘A*  ■'  V 

attempted,  but  none  have  been  completely  satisfactory. .  Compressiommethods,  on 
the  other  hand,  avoid  the  gripping  problems,  although  the  attainment  of  parallel 

swollen-sample  faces  is  a  difficult  experimental  problem  which  leads  to  errors 

■  ;V-  -s  Y18  Wi 

in  the  determination  of  strain*  Cluff,  Cladding  and  Pariser have  described 

■  v  ■  ■  -.s'  x  ■■  -e- 

compression  techniques  for  swollen  vulcanizates  and  these  methods 'hive  been  : 

■  ■  i?Y  £71  • 

applied  in  the  characterisation  of  propellant  cross-link  density' 


employed 


Thu  follt,»iiig  expression  was 


(20) 


where  h  is  ti  e  height  and  A  the  cross-sectional  area  of  the  undeformed,  unswollen 
sample,  end  S  is  the  slope  of  the  force  defection  curve.  Seeley  and  Dyckes^^  ^ 
have  performed  compression  tests  on  swollen  cellular  elastomers  based  on  similar 
techniques. 

FAILURE  CRITERIA 

Structural  analysis  of  the  solid  rocket  case-grain  system  using  experimentally 
cteterrciaed  propellant  response  properties  may  permit  a  complete  description  of  the 
combined  stresses  avid  resultant  deformations,  but  a  statement  expressing  the  ability 
of  the  propellant  to  withstand  these  stresses  is  also  required.  Such  a  statement, 
which  relates  the  physical  state  at  which  failure  occurs  to  some  material  parameters, 
is  called  a  failure  criterion.  The  criterion  for  failure  permits  a  prediction  of 

tha  margins  of  safety  to  be  expected  under  motor  operation  and  handling  conditions, 

» 

and  defines  tha  loading  regimes  where  abnormal  operation  will  occur  with  inKierable 
frequency. 

The  condition  termed  "failure"  may  be  defined  in  severe  1  ways .  An  operational 
definition  might  involve  any  deviation  from  the  required  motor  ballistic  performance 
such  as  motor  pressure,  total  burn  time,  burning  rate,  etc.  Several  of  these  ab¬ 
normalities  may  be  related  directly  to  grain  structural  integrity.  Obviously,  a 
crack  or  unbond  of  sufficient  size,  whicht is  exposed  to  the  hot  combustion  gases, 

•  •  •  •  v  . 

may  result  in  a  catastrophic  pressure  increase  or  premature  burn-through  to  the 
case  wall.1  However,  it  is  quite  possible  for  small  changes  in  burn  rate  or  minor 
pressure  fluctuations  to  cause  mission  failure.  Since  most  solid  rocket  uses 


<?Z 
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rely  upon  a  pre-programmed  thrust-time  operation  governed  by  the  total  burning 
surface,  mid-course  thrust  corrections  may  be  impossible. 'i  Other  definitions  of 
failure  might  include:  the  first  visual  crack  which .  forrgif,  sample  rupture  into 
two  or  more  pieces,  the  maximum  stress  point  on  a  stress-strain  curve,  a  maximum 
acceptable  volume  increase,  or  perhaps  a  large  modulus  change  resulting  in  grain 
slump  or  bond  release.  .  • 


An  important  consideration  in  all  failure  studies  is  the  influence  of  mate¬ 


rial  variability.  Statistical  distributions  of  failure  incidence  must  be  known 

and  properly  accounted  for  If  reliability  limits  are  to  be  set.  g? 

.  v  .v. 

Wiegand  and  co -workers '  109,13?  haVe  discussed  propellant  sample  and  batch 

•  -  ..  £  ■■  ■  :••••■  M  .  ■ 

variability,  and  its  effect  on  failure  behavior,  in  numerous  reports.  These 
studies  point  out  the  statistical  nature  of  failure  and  the  fact  that  knowledge  of 
the  distributions  is  required  in  order  to  set  conservative  design  values  for  motor 
stress  and  strain  capability.  Statistical  distributions  permit  the  prediction  of 

•.  i  :■  .  0  .  ■  ■  ,■ 

the  probability  of  failure,  but  mission  considerations  dictate  the  allowable  failure 


frequencies . 


.  .t 


Landel  and  Fedors  have  recently  explored  the  usefulness  offixtreme  value  eta 


tistics  applied  to  the  statistical  distribution  of  rupture? in  various  unfilled  polymer 

•  .  % '  ^46)  . 

specimens.  Both  breaking  stress  and  breaking  strain  of  natural ’rubber' 

••  •  &  .  ■  "•  &  ».*V *  V  »• 

and  styrene  butadiene  elastomer ax  1  may  be  described  by  thedoubl^  ex- 
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ponential  distribution 
$  *  1  -  exp 


-V 


exp  A 


(x  -?*)] 
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where  A  is  the  cumulative  distribution  of  failures,  A  isf’the  brearaiu' of  the  dis¬ 


tribution  and  X  and  X*  are  the  value  of,  and  the  most  probable  valiME  of  stress 


,cr  strain),  respectively.  It  should  be  clear,  therefore,  that  although  the  follow- 
inj  discussions  nay  be  concerned  vj th  r up-cure  stress  or  rupture  strain,  the  inherent 
variability  ir.  rupture  processes  as  well  as  that  of  materials  in  general,  requires 
nil  discrete  values  be  viewed  as  mean  values  of  a  distributed  population. 

The  various  approaches  to  the  establishment  of  failure  criteria  for  solid  pro¬ 
pellants  may  be  divided  roughly  into  two  categories,  Firstf  simple  relationships 
my  be  developed  which  relate  actual  motor  failures  to  laboratory  tests.  This  pro¬ 
duces  e  pragmatic  criterion  which  may  be  quite  useful  when  the  application  is  limited 
to  the  specific  material,  motor  design,  failure  mode,  and ; loading  conditions  which 
prevailed  during  the  initial  correlation  testing.  Secondly,  an  analytical  criterion 
may  be  generated  which  may  be  represented  in  the  geometrical  form  of  a  " failure 
surface". »  The  surface  represents  a  boundary,  in  some  specifically  defined  space 
coordinate  system,  between  safe  mechanical  states  and  unsafe  states* 

The  first  category  has  been  traditional  in  the  solid  rocket  industry  and  varia¬ 
tions  on  this  approach  have  been  many  and  diverse.  The  second  category  is  appeal¬ 
ing  in  the  sense  of  its  generality  and  possible  mathematical  rigor,,  but  has  been 
hampered  in  its  development  by  the  experimental  difficulties  involved.  Until 
very  recently,  however,  most  failure  relationships  have  been  based  on  a  single 
leading  history  or  "first  stretch"  conditions. 

One  of  the  simplest  criteria  specific  to  the  internal  port  erhekirig  failure 
mode  is  based  on  the  uniaxial  strain  capability  in  simple  tension.-  Since  the 
materiel  properties  ere  known  to  be  strain  rate  and  temperature  dependent,  tests 
ere  conducted  under  e  variety  of  conditions  and  a  so-called  failure  envelope  is 
generated.  Strain  at  rupture  is  plotted  against  a  variable  such  as  reduced  time 
and  any  strain  requirement  which  falls  outside  of  the  envelope  will  lead  to 
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rupture;  and  any  condition  inside  will  be  considered  safe.  Ad  hoc  criteria  have  been 

proposed  <?vch  as  that  of  LandelVJJ  '  in  which  the  failure  strain  €.  is  defined  as 

*  •  ''  L 

the  ratio  of  the  maximum  true  stress  to  the  initial  mpdulus  where  the  true  stress 

— -  •  .  ■><?  ■  : 

is  defined  as  the  product  of  the  extension  ratio  and  the  engineering  stress,  i.e., 

CT/E  *  X  CT/E  *  .  This  relationship  has  been  shown  to  break  down  at  atrain 

m  mm  L 

rates  and  temperatures  below  that  at  which  the  strain  reaches  a  maximum.  Millovay 

and  Wlegand^^  ^  suggested  the  criterion  that  motor  strain  should  be  less  than  half 

-1 

of  the  uniaxial  tensile  strain  at  failure  at  0.74  min  .  This  criteria  was  based 
on  forty-one  small  motor  tests.  X 

The  uniaxial  failure  envelope  developed  by  Smith'  has  proved  to  be  one 
of  the  most  useful  devices  for  the  simple  failure  characterization  of  many  visco¬ 
elastic  materials.  This  envelope  normally  consists  of  a  log-log  plot  of  teopera- 
ture-reduced  failure  stress  versus  the  strain  at  break.  Figure  22  is  a  schematic 
representation  of  the  Smith  failure  envelope.  Such  curves  may  be  generated  by 
plotting  the  rupture  stress  and  strain  values  from  tests  conducted  over  a  range 
of  temperatures  and  strain  rates.  The  rupture  locus  moves  counter-clockwise 
around  the  envelope  «s  the  temperature  is  lowered  or  the  strainfrate  is  increased. 
Constant  strain,  constant  strain  rate,  and  constant  load  tests  'Jm~- amorphous  un¬ 
filled  polymers^  ^  ^  have  shown  the  general  path  independence  of  the  failure 

(93  )  )  *  ■  -*“•  '''  v 

envelope.  Studies  by  Smith'  and  Fishman'  have  shown  a  path  dependence  of 

the  rupture  envelope,  however,  for  solid  propellants .  -X  • 

Some  investigators  have  shown  a  preference  for  plotting  strain  at  maximum 

stress  rather  than  rupture  strain  on  solid  propellant  |failure  envelopes.  This 

••  .  •  •;  •  •'  •  * .  ...  .*•  *  * 
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is  based  upon  t\?o  considerations;  first,  the  onset  of-cracking  ;dr  localized 
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fc.  ,ir;chii;.  Las  been  j&oerved  near  the  maximum  stress  pciut,  and  second,  this  value 
r..sr©;i®ncs  a  :  .ore  e unset vafcive  design  limit  Strain  at  maximum  stress  data 
£;neraily  thooslass  scatter  in  'the  vicinity  of  the  maximum  strain  portion  of  the 
failure  envelope.  Limited  evidence  is  also  available  which  indicates  the  path, 
dependence  of  the  envelops  geaetatad  in  this  manner  may  be  somewhat  less  than  that 
of  a  rupture  boundary. 

it  nhouid.  be  noted  that  uniaxial  tensile  criteria  can  lead  to  gross  inaccuracies 

/  ' 

when  applied  so  situations  where  combined  stresses  lead  to  failure  in  raul biaxial 
o tress  fields.  Often  the  assumption  is  made  that  combined  stresses  have  no  influ¬ 
ence  and  the t  the  E.,:xis5tsa  principal  stress  governs  the  failure  behavior.  A  some¬ 
what  improved  appro. .ch  applied  to  biaxial  tension  conditions  relies  upon  a  prag¬ 
matic  "biaxial  correction  factor"  which  is  applied  to  uniaxial  data,  modifying 
the  strain  valtieo  to  account  for  the  influence  of  combined  stresses.  Such  factors 
era  based  upon  extensive  testing  and  comparisons  for  a  single  material  using  uni¬ 
axial,  strip 'biaxial  or,  perhaps,  analogue  motor  tests. 

Kajeruu'*'  s  nas  approached  the  failure  behavior  of  highly  filled  polymers 
by  a  thermodynamic  treatment  in  which  the  ability  to  resist  rupture  is  related 
to  the  propellant's  ability  to  absorb  and  dissipate  energy  at  a  certain  rate. 

An  energy  criterion  vhich  requires  failure "to  be  a  function  of  both  stress  and 

(35  ) 

strain  was  originally  stated  by  Griffith  for  brittle  materials  and  later 

adapted  to  polymers  by  Rivlin  and  Thomas^**  ^ .  Williams^  has  applied  an 
energy  criterion  to  viscoelastic  materials  such  as  solid  propellants  where  appro¬ 
priate  fcc-mn  are  included  for  viecoua-energy  dissipation. 

A  combination  cf  an  energy  criterion  and  the  failure  envelope  lias  been  pro- 
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posed  by  Darwell,  Parker  and  Learning  for  various  double-base  propellants. 
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Total  work  to  failure  was  taken  from  the  area  beneath  the  stress-strain  curve, 

but  the  biaxial  failure  envelope  was  seen  tc  deviate  from,  uniaxial  behavior  de - 
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pending  on  the  particular  propellant  formulation.  Jones  and  Knauss  have 

similarly  shown  the  dependence  of  failure  properties  on  the  stress  state  of  com¬ 
posite  rubber -based  propellants. 

In  order  to  visualize  the  stress  states  at  which  failure  occurs,  a  failure  surface 
may  be  constructed.  The  3ix  stress  components  may  be  resolved  into  three  orthogonal 
principal  stresses;  any  stress  state  which  exists  in  the  space  containing  origin 
will  not  cause  failure,  and  conversely,  any  state  outside  of  this  space  will  lead 
to  failure,  k  mathematical  description  eff  the  surface  would  greatly  simplify 
natters ,  since  the  most  convenient  stress  field  could  be  chosen  for  laboratory 
testing,  and  the  entire  surface  could  be  described  from  a  single  failure  locus. 

Such  surfaces  have  been  discussed  at  length  by  Blatz^  12^  and  Williams  et  al  and 

the  failure  surfaces  associated  with  various  failure  criteria  by  several  authors 
(38,108,63,104).  Nadai^  ^  has  reviewed  eight  failure  theories  which  have  been 
proposed  for  n^tericls  (mainly  metals)  and  Marin'  *  discusses  six  of  these  in 
a  more  simplified  manner.  Simply  listed,  these  are:  (1)  maximum  principal 
stress  or  Rankine  theory,  (2)  maximum  shear  or  Coulomb-Tresca  criterion,  (3)  max¬ 
imum  strain  or  St.  Variant's  theory,  (4)  maximum  strain  energy  theory,  (5)  dis¬ 
tortion  energy  or  Vcn  Mlses-Hencky  theory,  and  (6)  the  internal  friction  theory 
which  is  a  special  case  of  Mohr's  theory. 

Hehidahl^^  ^  depicts  several  failure  surfaces  by  photographs  of  various 
three-dimensional  models.  Figure  25  is  an  illustration  of  three  such  surfaces 
taken  from  reference''  10&  ^  which  shows  geometries  which  are  symmetrical 
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.-.goruil,  CT ,  “  O  -  0^ .  and  containing  the  assumption  that  th ... 
octant  should  be  open  ("because  hydrostatic  compression  car.no  c 
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.1  ::a&  ordinary  scntse"). 

.  ... 

a-  concept  of  a  failure  surface  In  principal  stress  space  scums  to 
I'fovL.a  r.  cascr Ij-tlva  definition  of  the  ultimate  capability  of  materials  in  any 
tires.  s::3t.a,  it  suould  be  recognised  that  in  reality  there  may  not  be  one  unique 
surface  for  each  material.  Failure  in  solid  propellants  is  not  only  influenced  by 
r.he  stress  state,,  but  also  fcy  the  deformation  history.  Since  a  given  stress  state: 
can  be  reached  b.-  any  number  of  stress -strain  paths,  a  given  failure  surface  may 
esist  for  e  ach  specific  loading  history.  Sharma^  *  and  Jones  and  Knauss^  1 
•have  produced  traces  of  failure  surfaces  by  maintaining  the  principal  strain  races 
at  eo nival* nt  va ;uau  for  the  various  tests  conducted.  Little  has  been  said  or  done 


about  the  genera:,  problem  of  cultiaxial  strain  rate6  and  associated  multiaxisl 

ft  -,'f.  \ 

8tres-.;*8.  A  theory  has  been  proposed  by  2aku-i  for  polymeric  materials  in  which 
both  rata  end  me  it initial  effects  are  included,  but  no  experimental  verification 
has  been  attempt'd.  Figure  26  is  a  representation  of  parabolic  failure  surfaces  in 
principal  stress  space,  coaxial  v;ith  the  space  diagonal,.  The  two  surfaces  are 
shown  ,tc>  illustrate  the  possibility  of  several  surfaces  which  might  result  from 
changes  in  the  material  or  the  test  conditions.  Such  surfaces  need  not  be 
concentric  as  shown;  in  fact,  it  would  seem  possible  that  significant 
deterioration  could  change  the  basic  failure  mode  of  the  material,  and  therefore, 
the  'alee  end  shape  of  the  failure  surface. 

Other  coordinate  systems  may  be  used  for  failure  surface  representations  in  , 

X-  v  •&!• 

addition  to  stress  space.  Slate  and  Ko^ ^  ^  indicate  that  either  stress  (  <J*^) 
spsev,  stretch  (A,.)  space,  or  invariant  (■!  )  space  may  be  appropriate.  Stress 
spac-  i;r  most  c c.r^only  employed  because  the  failure  surface  concept  was  originally 
applied  to  metals,  for  which  stress  and  strain  are  more  simply  related.  Viscoelastic 
materials  on  the  other  hand  may  show  a  multitude  of  strain  values  at  a  given  stress 
level  depending  on  test  conditions. 
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:..;il)le  for  some  materials  to  produce  a  unique  failure  surface 

••  could  be  conducted  under  “first  stretch”  conditions  in  a 
Cl Go)  < 

•  Tschoegl  OJ  ,  at  the  time  of  thttr  writing,  is  attempting 
ntal  surfaces  by  subjecting  swollen  rubbers  to  various  multi- 
.  The  swollen  condition  permits  failure  measurements  at  much 
is  and  the  time  dependence  of  the  material  is  essentially 
c  of  this  type  will  be  extremely  useful  in  establishing  the 
ended  efforts  into  failure  of  composite  materials, 
applicability  of  the  various  classic  failure  theories  to  solid 
i.  noted  by  numerous  investigators.  Jones  and  Knauss^^  have 
;  reement  with  the  maximum  tensile  stress  theory  in  the  triaxial 
at,  while  data  in  other  regions  indicated  an  internal  friction 
figure '23  shows  the  surface  constructed  by  these  authors  for  a 
ed  propellant.  Experimental  msppirig  of  failure  surfaces  for 
:=s  been  attempted  to  a  limited  extent,  but  difficulties  have 
specially  in  the  seven  compressive  octants.  When  various 
are  compared  to  laboratory  data  it  becomes  extremely  diffi¬ 
cile  most  appropriate  criterion  in  the  (+  +  +)  octant.  Scatter 
iujy  be  great  enough  to  include  several  criteria  at  once  since 
his  octant  are  not  large.  In  the  other  octants,  however 
tial  divergences  of  the  analytical  failure  boundaries  and 
;ld  be  much  easier.  A  few  investigators  have  conducted  uni- 
.:3ts  under  superposed  hydrostatic  pressure.  Vernon®^  \ 

(99  }  ftp 

end  and  co-wcrkers  have  discovered  that  certain 
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comporit.  P  'op.  -l  .nto  exhibit  higher  strain  capability  and  tensile  strength  when 

tester,  ui.der  cor; .Siting  geo  pressure.  Hazelton  and  Planck^0  ^  conducted  uniaxial 

_ _  -  .  -  ' 

and  biaxial  tons  inn  teats  ,  and  staple  shear  tacts  on  propellants  and  propellant 
liner  bonds  with  oca  pressures  up  to  800  psig.  They  also  found  increased  tensils 
properties  under  pressure  and  Interpreted  the  behavior  as  due  to  delayed  dilation 


and  tr.  rate  effee: 


i.rarct 


an  examined  the  fracture  behavior  of  aluminum -filled  elastomers 


using  the-  biaxial  hollos- cylinder  test  mentioned  earlier.  Biaxial  tension  and  . 
tons ion -coitpreac i on  teste  showed  considerable  stress -induced  anisotropy,  and  com¬ 


parison  of  "sroctu. 
cable  criterion  a 


re  data  with  various  feilure  theories  showed  no  generally  appli- 

/  ) 

z  the  strain  rates  and  stress  ratios  studied*  Sharma  and  Limv  r 


conducted  fracture  studies  of  an  unfilled  binder  material  for  five  uniaxial  and 
biaxial  stress  fields  at  four  values  of  stress  rate.  Fracture  behavior  was  char¬ 
acterised  by  a  failure  envelope  obtained  by  plotting  the  octahedral  shear  stress 
against  octahedral  shear  strain  at  fracture.  This  material  exhibited  neo-hookeen 
behavior  ir«  uniaxial  tension ,  but  it  is  highly  unlikely  that  such  behavior  would 
carry  over  into  filled  systems. 

la  a  recent  attempt  to  bring  an  engineering  approach  to  multiaxial  failure 


in  solid  propel Is 


(  88  ) 

•tts  Siron  and  Duerr  tested  two  composite  double-base 


formulation:;  under  nine  distinct  states  of  stress.  The  tests  employed  included 
triaxi-ai  poker  chip,  biaxial  strip,  uniaxial  extension,  shear,  diametral  compres¬ 
sion,  uniaxial  compression,  and  pressurized  uniaxial  extension  at  several  tem¬ 
peratures  and  str.iin  rates.  The  data  was  reduced  in  terms  of  an  empirically 
defined  constrain-  parameter  which  ranged  from  -1.0  (hydrostatic  compression) 
to  +1.0  (hydros taric  tension).  The  parameter  (*5)  is  defined  in  terms  of 


/  Ob 


/ 


principal  stresses  and  indicates  the  tensile  or  compressive  nature  of  the  stress 
field  at  any  point  in  a  structure,  i.e., 


!•  - 
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(22) 


where  <*v  CT„  and  0~Tjj  are  the  numerically  maximum,  intermediate,  and  minimum 
principal  stresses  respectively.  Tensile  failure  stress  and  tensile  failure  strain 
were  plotted  against  the  constraint  parameter  and  reasonable  correlation  was  shewn 
for  one  temperature  and  strain  rate.  A  preliminary  comparison  of  the  failure  data 
with  the  maximum  principal  tensile  stress,  maximum  principal  tensile  strain,  maxi¬ 
mum  shear  stress,  and  maximum  dis tor tiona 1-strain  energy-failure  criteria  showed 
no  correlations  for  these  propellants. 

CUMULATIVE  BAIl&GL 

The  conditions  leading  to  damage  accumulation  are  particularly  relevant  to 
the  problems  of  < olid  rocket  structural  integrity.  It  is  quite  possible  for  a 
grain  to  "wear  out"  after  repeated  thermal  cycling  or  vibration  through  the 
gradual  development  and  propagation  of  microscopic  tearing  or  molecular  break¬ 
down.  If  this  process  could  be  described  analytically  and  formulated  for  com¬ 
plex  motor  geometries,  a  useful  life  prediction  could  be  made  based  on  the  motor 
history. 

■Metal  fatigue  has  been  studied  extensively  for  many  years, -and, 
more  recently , considerable  attention  has  been  given  to  fatigue  if.  plastics  and 
rubbers  Williams  has  suggested  that  solid  propellants  might 

be  examined  on  the  basic  of  Miner's  Law'  *  which  was  developed  for  metal 


V*  ’ 


fatigue.  This  may  be  represented  by  the  expression 

Mill.  •,  n 
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vhai  3  r.  i  the.  :  .isobar  of  load  levels,  is  the.  nus$er  oS  cycles  at  the  ith  lone 
1  iVv:l  .inC  K  . ,  it  .  he  masher  of  cycles  to  failure  et  the  ith  load  level.  The  ex- 
portent  «  esc  be  d-.-tersdned  by  experiment,  but  is  usually  taken  to  be  1.0,  which 
indict  ter-  linear  .  ^cumulation. 

fc inor ' o  lav  has  been  used  to  predict  failure  for  sequential  loading  of  solid 
propellent  -t  different  strain  rates.  The  linear  form  used  here  is: 

I.  ( r:  )  <“> 

where  ij,  is  the  time  at  the  ith  strain  rate  and  tfi  is  the  time  to  failure  at  the 
ith  attain  race.  Various  investigators  have  examined  this  relationship  for  appli¬ 
cation  to  solid  p  ;-op clients  with  only  limited  cuccess.  This  is  to  be  expected 
since  the  order  of  leading  is  not  taken  into  account  in  Miner's  lav. 

I'ills'  y  hue  applied  an  adaptation  of  this  law  to  solid  propellants  and 
propellant-liner  ends  for  discrete,  constantly  imposed  stress  levels;  considering 
t  to  he  thu  tin- a  at  the  ith  stress  level  and  te.  the  mean  time  to  failure  at  the 
ith  strata  level.  A  probability  distribution  function" P  was  included  to  account 
for  thu  statistic  . 1  distribution  of  failures.  For  cyclic  stress  tests  the  time 
is  the  number  of  cycles  divided  by  the  frequency,  and  the  ith  loading  is  the 
amplitude.  The  a  ipirical  relationship  ■ 
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was  ec.pioye.i  to  d-:rive  the  integral  expression 
. -  ■■  t  y  .  \B 
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incremental  damage 


where  D,  * 
x 

tf  *  mean  tics  to  failure  j  • 

t  »  unit  tirr.a  to  failure  / 

o 

Q-  *  stress  required  to  cause  failure  at  tQ 
B  *  an  empirical  constant 

£j>)]  -  viscoelastic  time-temperature  shift  relation  vith 

temperature  enpresned  as  a  function  of  title.  The  various  constants  were  obtained 
from  constant  load  tests  at  several  temperatures,  and  specific  tempera ture-stress- 
time  cycles.  Integration  yields  the  mean  damage  per  cycle  or  the  number  of  cycles  • 
to  failure,  N.  Figure  21  illustrates  the  correlation  obtained  for  cyclic  tests 
on  propellant-liner  bond  specimens  at  temperatures  of  40,  77,  and  llO°F,  and 
sequential  stress  levels  from  40  to  80  psi.  The  degree  of  correlation  is  not  com¬ 
pletely  satisfactory,  but  at  least  an  estimate  can  be  made  of  the  minimum  number 
of  cycles  which  will  cause  failure. 

*113'  /£  ...  ■> 

An  approach  suggested  by  Williams  et  gj.'  *  uses  an  energy  balance  -equation,  for 

the  initiation  of  flaw  growth  in  a  linearly  viscoelastic  material.  A  spherical 

-*  '  •  " 

flaw  geometry  was  selected  for  simplicity  since  it  was  shown  that  the  expressions 
for  the  critical  values  of  applied  stress  to  cause  fracture  were  similar  for 

V.  V  •  .*.* 

several  flaw  geometries.  The  critical  conditions  are  based  on  a  powijr  (energy 
rate)  balance  ••••  *■ 

ip  -»•; 

*  *  *  ’ '  ’ 

I  -  F  +  2D  +  SE  (27) 

v.r- 

•  0  ‘  ■" 

where  I  is  the  power  input,  F  is  the  rate  of  increase  of  strain  energy,  2D  is 

the  energy  dissipated  an  heat  and  SE  is  the  rate  of  increase  of  surface  energy. 
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i'jr  a  body  with  :  ein 
caci llafcory  dispiacsm 


ndicate  differentiation  with  respect* to  time, 
c  conditions  for  spherical  flaw  growth  were  derived  in  fief.  (Hi) 
u.’.oidally  displaced  boundary.  The  final  expresaion  for  the 
e.it  u  «  u^_  aint^j  t  is  given  cs: 


Ir .(!)(!)  -r-  a-..  »«  ♦  £*t  f-r^rjjr- 

,  ^  [  -  -t/ri ««.  -H 

1  J-y.-r  u.  J 


3  : 


2  2  ?  * 
a+*y  r/ >"  «- 


1  + 


-tvt 

exp  sin cy  t  I 


(28) 


2  ^  2  - 
- -  -  — -  J  1  -  cos  2ej 1  j  > 

i  +6f'rp  L 


-u  ~  -r, 
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where 

a  «  initial  fist:  radius 
b  «  outer  radius  of  the  spherical  body 
T  »  surface  energy  per  unit  surface  area 

end  a  serins  expression  was  introduced  for  the  relaxation  modulus  of  an  arbitrary 

material  as  given  by  Schapery'  ®°\  Figure  28  is  a  plot  of  flaw  growth  aa  a 

/ 

function  of  time-  according  to  3q  28  .  Limited  experimental  results  on  a  well 

characterised  polyurethane  elastomer  showed  a  qualitative  similarity  to  the  pre¬ 
dicted  growth-rest  cycle  of  crack  propagation.  This  approach  remains  to  be 
.  pplied  to  filled  materials  such  as  solid  propellants. 
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AGING 


Sol  id  propellants  are  composed  of  a  large  percentage  of  energetic  in- 

.  -  NC" 

gr.-dienta  so  it  should  be  expected  that  prolonged  storage  might  result  in 
deterioration.  Various  ingredients  may  interact  with  each  other  or  with  the 
atmosphere  to  produce  irreversible  changes  which  can  seriously  affect  both 
the-  ballistic  and  mechanical  properties.  Seme  ingredients  may  simply  de¬ 
compose  while  others  may  react  tc  produce  chemical  products  which,  by 
themselves,  rnay  be  degrading  tc  other  materials  in  the  system.  Auto- 
catalytic  reactions  are  common  and  frequently  an  ingredient  which  is  a 
ballistic  modifier  may  produce  intolerable  changes  in  the  propellant  during 
storage.  Plasticizers  may  migrate  and  evaporate,  gases  may  be  generated, 
cross-linking  and  chain  cleavage  may  occur  simultaneously.  \ Decomposition 
of  primary  ingredients  to  form  products  which  increase  the  sensitivity  of  the 
propellant  is  a  common  problem  in  double -base  systems.  These  reactions  , 

and  many  more  have  been  examined  in  numerous  studies.  Solid  propellants 
are  complex  mixtures  of  many  possible  ingredients  so  any  examination  of 
aging  phenomena  should  consider  detailed  formulations,  expected  operational 
environments,  and  failure  modes.  Since  detailed  formulations  are  generally 
revealed  only  in  the  classified  literature,  the  following  discussions  will  be 

restricted  to  ger  eralizations  about  typical  aging  mechanisms- and  useful  test 

i  .  '$?.  •"  V  (221 

methods  for  following  the  aging  behavior  of  solid  propellantSii:  Table  III  7 

lists  various  interactions  and  resultant  deterioration  which  must  be  considered. 

•-  V  ‘  f  -  ' '  |l  G: 

This  section  will  deal  with  the  chemical  aging  problem  and  related  physical 
phenomena  such  as  diffusion  and  embrittlement.'  Apart  from  thfe  chemical  problem 
there  is  mechanical  deterioration  which  is  aleo  related  to  long-term  environ¬ 
mental  effects,  but  this  was  covered  briefly  in  the  preceding^ cumurafive’damage 


di3  cuss  ion. 


FACTORS  INFLUENCING  PROPELLANT  L&GRAMTION  DURING  AGING  (Ref  22) 
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Thermal  gradients 
Bhvironmenta l 


A  prediction  of  1:  eful  life  for  solid  propellant:  rockets  is  quite  important, 
n.  ;t  only  from  the  standpoint  of  operational  readiness,  but  also  from  economic 
o  :-ns '.derations ,  The  premature  removal  and  replacement  of  deployed  systems, 
b. '.seri^ac  ..is -.accurate  storage  life  estimates,  can  be  extremely  costly.  A  primary 
difficulty  here  is  the  impossibility  of  gathering  aging  data  over  periods  of  severs 
years  before  the  systems  are  committed  to  production  and  operation.  It  is  quite 
possible  that  obsolescence  could  overtake  a  specific  missile  system  and  pro¬ 
pellant  combination  while  long-term  storage  data  are  being  compiled.  Accel¬ 
erated  aging  tests  arc  normally  employed  to  give  qualitative  indications  of 
storability,  but  the  deficiencies  of  these  tests  are  rather  obvious  and  will  be 
dis cussed  later . 

Chemical  aging  may  be  the  result  of  thermal,  oxidative  or  hydrolytic  re¬ 
actions.  The  changes  observed  may  be:  softening,  hardening,  swelling,  dis¬ 
coloration,  and  gas  evolution.  These  changes  may  not  constitute  failure,  as 
such,  but  3houJd  be  examined  in  relation  to  possible  failure  modes.  Hardening, 
which  is  usually  accompanied  by  a  decreased  strain  capability,  may  result  from 
several  conditions.  Oxidation  may  produce  discolored  and  hardened  surfaces; 
continued  cure  reactions  produce  overall  modulus  increases;  and  loss  of  volatile 
plasticizers  also  leads  to  higher  modulus.  Long-term  storage  at  low  tempera¬ 
tures  may  cause  embrittlement,  whether  by  binder  crystallization  or  by  other 
mechanisms.  Softening  i3  usually  the  result  of  binder  chain  scission  or  cross¬ 
link  degradation,  and  may  be  produced  by  hydrolytic  reactions  or  thermal  de¬ 
composition.  Moisture  effects  are  particularly  pronounced  since  they  not  only 
relate  tc  hydrolysis,  but  may  interrupt  the  binder-filler  interface.  In  some 
cases  the  solubility  of  ingredients  in  the  binder  may  change  with  moisture  con¬ 
tent;  and  phase  changes,  solution,  and  precipitation  may  occur.  : 


Within  thin  more 3 a  of  complex  chemical  and  physical  phenomena,  there  is  little 
chat  has  not  bean  examined,  in  some  detail,  but  there  is  also  much  less  which  is 
sufficiently  understood  to  permit  predictive  estimates^  useful  propellant  life. 

The  eging  characteristics  of  double-base  and  composite-rubber-binder  propel¬ 
lants  are  substantially  different.  The  primary  changes  which  occur  in  double-base 
propellants  relate  to  stability  and  are  variously  concerned  with  ’’safe  storage  life” 
"safe  use  life”  and  "useful  life.^  Ihe  first  two  categories  attempt  to  define  the 
time  beyond  which  storage  or  use  would  constitute  a  hazard,  vhilefthe  useful  life 
represents  the  period  in  which  the  rocket  can  be  expected  to  perform  reliably. 
Safe-life  tests  usually  consider  such  factors  as  the  time  to  auto-ignition  at.  a 
given  temperature,  or  the  time  to  the  production  of  fumes  of  oxides  of  nitrogen. 

In  some  cases  the  rates  of  stabilizer  depletion  at  high  temperatures  are  measured 
and  extrapolated  to  lower  temperatures.  The  time  to  zero  stabilizer  concentration 
Is  then  determined  for  normal  storage  temperatures.  Depletion  rates  may  be  plotted 
for  various  temperatures  in  the  form  of  an  Arrhenius  plot  and  the  energy  of  activa¬ 
tion  determined  for  a  particular  stabilizing  agent. 

So  much  concentrated  effort  has  been  expended  on  the  stabilisation  of  double¬ 
base  formulations  that  stability  is  no  longer  a  limiting  factor  in  the  determina¬ 
tion  of  useful  life.  Some  studies^  ^  have  shown  the  safe; storage  life 

to  Vj  in  excess  of  30  yearc  under  ordinary  conditions.  |  .  $V ,. 

Useful-life  determinations  are  similar  for  both  general  propellant  types 

V  '  V  ■  :• 

since  they  are  primarily  concerned  with  structural  integrity.  The  decomposition 
or  formation  of  relatively  few  chemical  bonds  will  normally  be  undetectable  from 
the  viewpoint  of  ballistic  characteristics.  On  the  other  hand,  the  formation  of 


nc«.*  cross -links 


or  the  cleavage  of  polymer  chains  can  strongly  affect  the  mechanical 


properties-  of  polymeric  materials.  Chenges  in! strength  os-  modulus  oay  cause  pro  - 
pc  z.  X  ;  -  *  L  capability  to  fall  below  the  structural  requirements  of  particular  motor 
dc&lgas.  It'should  be  noted,  however,  that  some  changes  may  not  ha  deleterious, 
but  can  be,  in  fact,  beneficial. 

Many  of  the  tests  described  in  earlier  sections  have  been  applied  in  surveil¬ 
lance  studies  of  solid  propellants.  Both  response  and  failure  characteristics  may 
be  followed  as  a  function  of  time  during  storage  at  various  conditions.  Physico¬ 
chemical  analysis  of  specimens  before  and  after  exposure  to  determine  sol  content 
and  cross-link  density  changes  is  particularly  useful  in  correlating  gross  physi¬ 
cal  property;  variations.  In  conjunction  with  these  tests,  various  non-destructive 

techniques  cay  provide  additional  information.  The  summary  in  Table  IV  was  taken 

(  221 

from  a  compilation  by  BeFries  and  Johns'  which  shows  the  large  number  of 
techniques  and  devices  applied  to  solid  propellant  surveillance.  Even  this  ex¬ 
tensive  list  is  not  complete  and  many  variations  and  alternate  methods  have  been 

'  ‘  '•*  / 

proposed  through  the  years.  It  is  especially  important  to  note  that  uon-deatruc- 

tive  tes ts  only  indicate  that  a  change  has  taken  place  in  the  propellant.  They 
do  not  provide  the  decision  regarding  the  acceptibility  of  the  material  for  its 
intended  application.  Such  decisions  require  a  knowledge  of  material  character- 
istica  and  a  practical  failure  criterion.  It  has  been  suggested  '  that 

propellant  aging  which  results  in  mechanical!  property  changes  may  he  examined  in 
reference  to  a  changing  failure  surface.  The  aging  material  may  have  an  associated 
failure  surface  which  collapses  around  the  origin  similar  to  a  deflating  balloon. 

With  the  passage  of  time  it  is  then  required  that  the  structural  requirements  be 
reviewed  with  respect  to  the  new  failure  surface,  and  the  tolerable  limits  established 


NON-DESTRUCTIVE  TESTING  FOR  SOLID  FROPELIAKT3  (Ref  22) 
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Radiation  Emission  All  physical  changes  of 

surface  or  sub -surface 
that  effect  local  rate 
of  heat  transfer 
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im-mmvctm  tested  sss  solid  ns 


Laboratory  measurements  on  stored  samples  are  common,  biit  there  are  many  pre¬ 


cautions  to  be  observed.  It  is  important  to  establish  confidence  that  samples 
are  representative  of  the  propellant  grain,  enclosed  in  its  case-liner-insulation 
er.ve-iope.  Since  diffusion  paths  and  exposed  surface  &ee&  nay  be  germane  to  the 

aging  process,  these  characteristics  require  duplication  in  aging  samples.  There 

£.  •  ' 

is  considerable  evidence  also  that  samples  stored  in  scaled  containers  deteriorate 
much  more  rapidly  and  by  different  mechanisms  than  those  exposed' (to  the  atmosphere. 

The  aging  stability  of  solid  propellants  may  be  evaluated  ini  e  gross  sense  by 
measuring  the  change  in  come  prominent  property  such  as;  modulus  or  tensile  strength 
at  various  temperatures.  The  temperature  sensitivity  of  these  changes  may  then 

be  charted  on  an  Arrhenius  plot  and  extrapolations  made  to  normal  storage  tem- 

■  •  •  i.  :|i  ■  W.,’ '■  '■ 

peratures.  Such  accelerated  aging  tests  are  useful  in ^establishing  degradation 

•’  "V 

patterns  and  in  guiding  formulation  chemists  in  the  production  of  propellants  with 
superior  aging  characteristics.  The  temptation  should  be  avoided,  however,  to 
use  these  tests  in  a  quantitative,  predictive  fashion ^for  determining  the  useful 


life  of  propellant  systems.  In  complex  materials  such  as  these  it  is  quite  pos¬ 
sible  that  some  thermally  activated  mechanisms  may  prevail  at  high  temperatures, 

:  .  .  \  ■-  •*. 

which  are  relatively  unimportant  at  lower  temperatures |  Used  with  caution, 

’  •  •  ;  .  '  .  ■ 

accelerated  aging  tests  should  be,  therefore,  an  integral  part  of  all  propellant 
development  efforts.  Figure  29  is  an  example  of  the  extrapolations  which 
can  be  made  from  high- temperature  data.  The  critical  storage  tlte  ,is  defined 
in  this  case  as  the  time  to  produce  an  associated  change,  by  a  factor  of  2,  in 

••  ■'  •  -  •••  •  •...  V  ■'  jff-  •  . 

the  initial  maximum  stress  or  in  the  initial  strain  at “maximum  stress. 

"'&■  "■  v  . 

Other  conditions  maybe  imposed  upon  stored  propellant  to  increase  the 

••  :  V  •  ‘  :  ¥  '  •  :  ‘  ok*;  v 

severity  of  the  environment.  In  3ome  cases  the  ef  fects' of  ambient .moisture  may 


>.  so^asretc  d;ty  .ijqpout-re  to  high  relative  humidities;  end,  low  temperature 
-  .-&vittleaeat  mr.y  be  accelerated  by.  the  appropriate  conditioning  temperature. 

'  2  tachnlquec  a  re  particularly  difficult  to  interpret  to  the  variety  of 

..:ar.,ibi3  interactions  and  synergistic  effects,  '  Sigh  hwsidity  has  been  shewn  to 
v'^v,gc  the  icy-e  j\»;  c  21  4.  t»ii  O  properties  of  propa Hants  in  various  ways.  Polyurethane 


..repel  haute'  fcare  u^adatgoae  severe  modulus  increases  and  rupture  strain  decreases 
tested  at'  ~4f;0F  after  several  days  exposure  to  90S  relative  humidity  at  7?°P. 
.si lus  been  interpreted^  ^  ^  as  duo  to  the  ion -dipole  effects  of  dissolved 


sfcoaiusa  perchlorate t  and  related  to  the  solubility  of  water  in  the  binder  phase* 
•vther  explanations  hypothesise  ''rehealing"  ^  W  ^  of  broken  binder -oxidiser 
L  inds,  or  oxidiKer  dissolution  and  precipitation  of  ease  11,  high -surface-area 
.■ -ryctals  ^  ^  \  Sc&s  specialised  techniques  have  been  applied  to  determine 

l-.Vie  nature  o i  specific  degradation  reactions,  and  these  have  produced  very  useful 
insight  into  the  aging  troceae,  Chesorheo logical  methods  described  by  Goldday  at  al 


bsve  b-tsn  notable  in  establishing  the  relative  amount  of  chain  cleavage  and  cross - 
linking  during  exposure  to  various  environments •  In  some  cases  the  site  of  ds- 
.  radation  rosy  be  determined,  such  as  random  chain  or  cross-link  scission.  These 
s  athods  are  based  upon  the  procedures  described  by  Tobolsay^®^  in  which  both 
•...•afcorsaittent  and  continuous  stress  relaxation  measurements  are  employed.  Tea  to 
conducted  with  unfilled  binder  materials  are  quite  revealing,  but  when  highly 
'filled  sample* 'are  examined  the  relaxation  process  Is  confused  by  detesting  and 
•n*shular  interactions.  ’t  :Z 


y-my  cheat  cal  end  physical  analysis  techniques  have  been  applied  to  the 


;  tuciy  of  solid ‘  propells;:-.*  aging,  Valuable  contributions  have  been  made  in  im¬ 
proving  formulations  an-J.  in  establishing  confidence  in  the  stabilityfof 


/XX 


propellants  for  a  wide  variety  of  applications.  Fortunately,  many  formulations 
h.:vr;  been  developed  \ri  th  exceptional  a  g  Lng  stability  and  predictions  of  useful 
life  have  been  exceeded  in  actual  operations.  Aa  new,  high-energy  propellants 
are  developed  and  enter  the  inventory,  it  can  be  expec tell  that  degradation  will 
be  a  more  severe  problem  and  that  improved  predictive  techniques  will  be  required. 
Progress  in  the  areas  of  structural  integrity  analysis,  material  characterization 
and  failure  criteria  for  solid  propellants  is  continuing ; and  holds  the  promise 
that  such  techniques  will  be  available.  .  •  %*, 

SUMMARY  :  ■ 


The  preceding  discussions  have  surveyed  current  approaches  and : techniques  for 

.  \'r  ..  .  • 

solid  propellant  mechanical  properties  characterization,  j  However £a  number  of 
related  areas  have  not  been  mentioned.  The  various  methods  for  determining  pro- 
pellant-liner  bond  strength,  and  evaluation  of  bond  deterioration  with  environmental 

• '  'J-  •  •  '•  * 

exposure  have  not  been  covered,  although  bond  integrity  is  a  critical  requirement 
of  solid  rocket  motors.  Another  omission  is  analogue  motor  testing,  a  very  im- 
portant  area  because  it  partially  fills  the  large  gap  between  laboratory  and  full* 

scale  motor  tests.  The  determinations  of  bulk  compressibility,  thermal  conductivity 

■  '  ?  •  ■.  ■■  ' 

and  glass  transition  temperature  are  also  not  described.',  Certainly  the  topics  in- 

,  l  :  i:  ' 

eluded  in  this  paper  are  extensive  in  scope  and  the  approaches  vary  according  tc  a 

f  ■  4  %'  "•  ’ 

'■  '•  '  ■}.  ■  '■  •  ■' 

variety  of  disciplines  and  viewpoints.  Comprehensive  treatments  Of  most  testing 

v  $£.T.  ;C  ,v  ‘ 

methods  and  data  reduction  techniques  may  be  found  in  reference  4$;  the  ICRRC 
Mechanical  Behavior  Manual.  Review  articles  in  the  "Solid  Rocket^S true tura 1 
integrity  Abstracts",  currently  published  by  the  University  of  Utah,  provide  up- 

;  v  ■*>  i  .  '  "‘’flk;  “  V  '  •  • 

to-date  surveys  of  many  related  topics.  These  documents1' are  limited,  in  distribu- 

.  *6?.‘  •  ’i  -  /wv-v-* . 

tion,  however,  and  are  generally  not  available  to  the  public.  f |  ;  t  ” 

•  &  ■  '  >'  ■  •'  fj-  r' 

•  .*  '  *•  *.  ’t^rir  '*  *•*’ 
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miaxial  solid  propellant  tensile  specimen  with  typical  gripping 
Dimensions  are  in  inches. 


Figure  19.  J  oker  Chip  test  data*  Small  center  load  cell  in  one  of  the 
bonded  plates;  provides  an  indication  of  the  rupture  point  which  would 
not  be  obvious  from  overall  load  recox’ding  instruments.  Curves 

from  Re  .'.'erer.ee  39..  ,  ' 


Figure  20.  Spherical  test  assembly. Propellant  sphere  may  be  pres¬ 
surized  externally  or  internally  and  wall  thickness  may  bef varied. 
Drawing  courtesy  of  Thickol  Chemical  Corporation,  Was  itch  Division 
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UPC  LARGE  DEFORMATION  SINUSOIDAL  TEST  APPARATUS 

Fig arc  21.  Schematic  of  large  deformation  dynamic  tension  and 
i.  hear  app?-.r atu*.  Drawing  courtesy  of  Lockheed  Propulsion  Company. 
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CREEP 


Failure  surface  in  principal  stress  space  for  a  composite  solid  pro 
pcllent.  Diagram  is  taken  from  Ref.  45. 
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FIGURE  24.  Schematic  diagram  of  hollow  cylinder  biaxial  teiter  to 


Shartna  (86) 


Various  failure  surfaces  in  principal  stress  space,  (a)  cylinder 
(b)  cone,  and  (c)  paraboloid.  Ref  (106). 


N,  PREDICTED 

FIGURE  27.  Comparison  of  predicted  and  ob-e^'ed  number  of  cycles  to  failure  tor 
solid  propellant-liner  .bond  specimens,  according  tc  Ref  (7). 


TIME, SECONDS 

PIGUftK  28»  Spherical  flaw  growth  dua  to  oscillatory  displacement  «  »  u0ain<yt 
for  a  polyurotbana  elastomer  (5  cpa).  Curve  ganaratad  by  Sq  28. 
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A  simple  and  rapid  method  for  assessing  the  effect  of  boosterdesign  variables  on 


JC.'I 

over-all  booster  characteristics  is  presented.  This  method  is  applicable  to  all  boosters, 

'  l  ■  ,  .  , 

regardlesr.  of  'nh  ether  they  are  expendable,  reusable,  rocket-powered,  .or  airbreathing. 
The  computations  involved  are  minimal  and  many  results  are  obtainable  in  a  purely  ana¬ 


lytical  manner.  Furthermore,  an  all-inclusive  graphical  representation  o£ booster 

^  |  :  •  |  •'  '  v 

characteristics  is  another  by-product  of  this  method.  f|  W; 

■  ■■■  ]■  0 

Booster  design  procedures  are  given  which  minimize,  per  unit  of  payload  weight,  one 

of  the  following:  gross  weight,  hardware  weight  and/or  hardware  cost^per  use.  In  these 

i  .  '  :  $f  7  .  ■; 

procedures  the  structural  factora  and  the  specific  inipulsesare  permitted  to  viiry  with 
stage  size  and  boocter  velocity,  respectively.  All  of  these  optimizati|ns'terid  to 
produce  larger  velocity  increases  in  those  stages  which  have- lower  har^ir^re  costs 

per  unit  of  weight,  per  use,  and  which  haye  designs  with  lower  limitin^alues  c£  the 
structural  factor  and  higher  specific  impulsesai  the  instant;  of  staging. *4.';  - : 

••••:•  •  Sty  ••  tv. 
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BOOSTER  CHARACTERISTICS 
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It:  this  .'.naiysis  we-  use  as  independent  variables: 
iv  T h  j  structural  factor  s. 


°  (v^l  °  (v*p)k 


and 


2.  The  mass  ratio  rn,  (1) 
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m. 
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The  mass  ratio  satisfies  the  equation  of  motion  in  the  direction  of 

the  velocity 


V* 
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m.  =  exp 
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and  ie  valid  for  any  booster  when  the  average  specific  impulse  is  given  by 
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It  should  be  noted  that  m^is  the  inverse  of  the  conventional  mass  ratio 
usually  designated  in  rocket  literature  by  symbol  r.  : 
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tie  Liv,  rage  retarding-to-accelerating  force  ratio  is  given  by 


Rk  * 
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The  independent  variables  m^  and  can  have  any  value  between 
zero  and  unity.  In  addition,  the  difference  (m-s)^  canrict  be  smaller  than 
zero.  Consequently,  each  booster  stage  is  represented^by  a  point  in 
the  ms  plane  bounded  by  the  intersection  of  the  lines  s^=0,  and 


{m-s},  =0*  These  lines  form  a  triangle  in  which  the  rocket-propelled 
vehicles  are  in  one  corner  and  the  airbreathers  are  in  the  other  corner. 

V  .•  _  •  .  p.  *. , 

Examination  o£  design  data  indicates  that  teach  booster  sSage  (e.g., 
firtst.  second,  etc. )  tends  to  have  its  own,  relatively  invariant,  (m- a). 

■5;  ■  '.V,'  k 

value.  This  means  that  each  stage  tends  to  remain  on  inline  parallel 

•  >  ,  •  ;*  .  y;-  ,cv  ,v. 

to  the  line  (m-a}k-0  which  forms' the  base  of  the  triangle^.  ■;  Since  the 
magnitude  cf  the  structural  factor  for  a  given  stage  number;  and  type  is 
also  usually  known,  therefore  the  values  of  the  mdepen^|tenb;yariables 
appropriate  for  the  analysis  of  the  stage  characteristics|can  be  reasonably 
well  established.  '  •  •  it  '£<&>• 

''  •  ••  %  f|  0  :■  . • 

Specifically,  in  such  an  analysis,  these  values  perimiilhe  determina¬ 
tion  of  the  three  dependent  variables:  '  ■; 

1.  Gross -to-payload  weight  ratio 

•  r  ':b 


2.  Kardware-to-payload  weight  ratio  f 


3.  Propellant-to-payload  weight  ratio 
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by  ;:he  relation 
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The  lines  of  constant  and  may  thus  be  conveniently: plotted  in  the 
me  plane  (Figure  1}.  Since  such  a  representation  is  all  Inclusive,  it 
permits  an  easy  comparison  between  the  various  kinds  ofrbooster  stages. 

In  addition,  the  knowledge  of  the  Independent  variables  m^.  and  3^ 
enables  rapid  evaluation  of  the  sensitivity  of  the-hardwarerto-payload 
and  gross -to- payload  weight  ratios  to  the  changes  of  the  various  design 

assumptions.  This  evaluation  is  accomplished  by  use  of  the  influence 
coefficients  defined  by  •  V 
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ao  t  Ixafc  the  variational  equations  become 
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The  expressions  for  these  influence  coefficients  are  conveniently 
giv^n  in  Table  I  and  their  magnitude  may  be  plotted  In  the  fitt*  plane 

(Figure  2).  '  •  If.  V  > 

B.  Varying  Stage  Size  ...  :  yj 

When  the  design  of  a  stage  is  choien  but  its  scale  is  undecided,  one 
needs  to  find  that  size  which  has  just  the  right  amount  of  propellant 
sufficient  for  the  desired  acceleration.  Under  these  conditions  the  struc- 
tural  factor  varies  with  stage  size  and  its  variation  may  bS  given  by 
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This  relation  simplifies  matters  considerably  because  . H^fyaries  now 
linearly  with.  and  both  and  are  expressible  in  terms  of 
alone  though  the  s.  is  varying 
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Although  one  of  the  independent  variables  is  thus  eliminated,  the  designer's 


choice  is  now  reflected  in  the  values  6f  the  constants  a.  a* 

K‘  -'it 


ti  b,  .  Of  these 

i  r* 


two,  a.  is  particularly  significant  because  it  represents  the -limiting  value 
of  s.  for  very  large  gross-to-payloa.d  weight  ratios  (e.g.  if  very  large  . 
stages).  •'  '  |  ■  ;  '  |'  .  |'1-||||V  ’/.  yj 

Obviously,  these  new  simplified  relations  when  riiffe^dx^tiated  may  f 

i  i  .  •  ■'  » '$?/,:  ...  ...  / 

again  be  used  to  find  the  influence  coefficients  appropriate>fpr.  such  a 

stage  of  varying  size  (Table  II).  %  ff-  t: 


Fu:  th.jv.r-.-ore,  it  may  be  shown  that  if  the  ind ependent ^variables  are 
similarly  definyd  S3  as  to  include  the  contributions ' from •  each  stage 
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then  the  relations  between  these  new  dependent  and  independent  variables 

remain  e.uactly  the  same  as  for  the  single  stage-  Theyrepresentatic-n  of 

•  ;  rs.  *.■  ■  ■ 

Figure  1  is  thus  valid  for  the  complete  booster  as  well. 

Furthermore,  the  differentiation  shows,  that  i  M'- 


■  '  •  :  {■  t ; ; 

so  that  the  gross-to-payload  ratio  of  the  whole  booster  varies  exactly 
like  the  gross-to-payload  ratio  of  the  individual  stage*  Or,  in  other 
words,  the  influence  coefficients  describing  the  variation  of  describe 
also  the  variation  of  the  complete  booster's  G. 

"  l  '■  f  y  . 

For  the  over-all  hardware-to-payload  ratio  H,  tSfe.story  is  more 

complicated.  V/e  now  have  5  j.  '■  ■  l  j 
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t  o  £  ie  cl  tho  grcss-to-payload  ratio  of  fee  k£a  stage  ca  veil  -t> 

fea  sh.in  jeo  «:.  fee  lui-rdware-to-payload  ratio  of  that' stage  affect  fee  change 
c.i  cvei'-  ill  J.i.  I- urthermoro,  fee  nexv,  booster-peculiar,  influence  coeffi¬ 
cients  d..p£:na  co.'  only  on  the  values  of  s,^  and  ra^_  for  fee  stage  (In  which 
the  chargee  a.e  as  curbed  to  he  made)  but  also  on  tho  values  of  the  indepeu* 
*een£  variables  for  all  fee  stages  underneath  and  above  it 
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For  this  reason  the  graphical  representation  of  fee  influence  coefficients 

•s'?  i%  '  §•  ••<■•  ■ 

in  the  ms  plans  cannot  be  made  although  they  can  still  be  conveniently 

listed  Ik  tabular  form  (Table  *  -•  $■; 


To  evaluate  qualitatively  the  magnitude  of  fee  various  changes  it  ie 

•r-  ’  J-K  -  - 

often  convenient  to  consider  a  special  booster  iniwhieh  allstages  have 

the  oama  structural  factor  and  mass  ratio  (c.  g.,  a«d"n»j*n»  for 

all  values  of  *),'  For  such  a  booster  fee  over-all  structural  factor  s  is 

'  >■  >*  ,;V* 
the  sama  as  that  of  fee  individual  stages  (e*3  )  and  fee  over-all  difference 
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(m-s)  is  given  by  •  I  •  £ 
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thus  shewing  that  the  over-all  value'  of  m  tends  to  decrease  with  the 

*  v"  .  ■-"»  '£{i  • 

nurnbsr  of  stages.  Furthermore,  for  such  ft  booster  wiiiutimila?  stages, 
wc  may  easily  compute  fee  multistage  influence  'coefficient's jand  plot 
these  for  any  number  of  stages  as  a  function  of  G  (Figure  3).  : 
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oar 6  and  it  is  important  to  determine  tha 

oizauen  conditions  when  ml  -*£».  h  • 

k  V.  •; 

nil  three  optimi  i' 2. LI 021 3  V-3  ’• 

'•■t' 

aWt  ■=  (,iw)k  (ri'l  (■&)  wish*Vak 
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wises  a  ;  j  the  cost  per  unit  of  hardware  weight,  per  use,  and  it  is 

*  5»*» 

unde  re  loo.  tp  be  unity  for  the  G  arid  H  optimizations.  ;:f 

It  is  thus  clour  that  the  optimization  process  assigns  higher  velocity 

increase  i  >  those  stages  which  have  higher  effective  specific  impulse 

fj? 

and  lower  .structural  factors  and  which  h  ive  lower  costs  per  unit  of 

■  ■  $%■  :• 

hard  .’.'art-  ./eight, per  use.  Furthermore,  it  its  also  clear  that  for  such 

i"  '  ;’4’  l'  ' 

larg.:  vole  it/  inc  reases  in  each  stage,  the  G  and  H  optimizations  will 
result  in  ;  ■.&  nami-  booster  design.  This,  however,  U^dt  true  for 
sna'ler  v  loci  tv  increases  when  the  optimization  conditions  for  minimum  H 
are  'lifer  at  fren.  those  for  minimum  G.  This  difference  disappears  when 
all  r  .age.:  an-*e?tteati.  the  stage  being  optimized  are  structurally  similar 
ar:l  heir  ir accural  factors  are  constant  (e.g.,  a.-b,=b*). 

J  ■  J  V  i  . 


AND  GOHC L'JSSpK; 
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taveusigoticn  yielded  the  following  results  and  cofcclueio:%is : 

for  the-  analysis  of  booster  pe^Torsmteo'  which  provide d  a 
:>  the,  dependence  of  over -all  gross -to-paylcad  and  havcl- 
i’Siioj  oa  structural  and  propulsive  design'. variables  of 
has  been  formulated.  This  method  applies  to  expendable 
Ic  vehicles  employing  rocket  or  airbresthlng  propulsion 
useful  in  vory  rapid  comparative  evaluation  and  prellml- 


tt •  d  os  •:  $a  c  i  -nputatlonc .  • ' 

2.  A  -n/:  of  explicit  influence  coefficients  is  derived  which  permits 
the  rar;ic  £&xu.  ation  of  the  appropriate  -.variational-  equations.  The  solutions 
e?  ^  aeh  c.  ju'-.ti-  -.as  indicate  that  the  effect  of  the  specific  impulse  changes  on 

•V 

the  -.anyltad  is  independent  of  the  stage  in  which  these  changes  are  made. 
Ihty  t.is  >  feho-v  that  the  increase  of  propellant  density  ie  most  beneficial* 
and  ih.i  hicr&c  jo  of  th<*  structural  weight  least  harmful- when  made  In  the 

low  ;st  etagou  ;>f  the  booster.  :  /,  •. 


3c  Con-7  Mont,  all-inclusive*  graphical  representation  of  the  booster 
bar  ;w.;r  .-.-to--:  tylocd  and  groes-fto-paylcad  ratios  its  givenno  a  fctxiioa  of 
tue  l  factor  •  ;nd  ratio.  'This  representation  is  particularly 

use  ul  in  undo:  -at:*nJL;g  the  fundamental  differences  among  the  many  possible 

hoc  .:ter  i;'iesie*t-..s.  In  addition*  the  magnitude  of  the  Influence  coofficionta  is 

.  ■?  -.  l  %$  ■ . 

similarly  pr<:.-. anted  oa  graphs  thus  giving  an  indication  of  the  sensitivity  of 
the  various  de  aigne  to  their  inherent  design  assumptions.  i 

■it  ■  i  ■  |  ■ 

4.  New,  cosily  calculable  solutions  for  minimum  groes-to-pnyload , 

miuimut ha:-.-. war  e  « t  o-payload  maos  ratio  and  minimum  hardware  cost  par 

.  ••  ••  V  ’  •>’*  ' 

uni:;  cl  p  jyloa-.,  par  nac,  .booster 4  with  varying  structurallfactcre  and 
varying  affect --ve  specific  impulses  are  obtained.  Either  of  these  optimi- 

;■  V 

fcat.or.  pyccs:i--es  k:  shown  to  assign  greater  velocity  increases  to  th«.*se 


t'fc&gej  which  hzse  (at  the  instant  of  staging)  higher . e£fectiv«|#pecifis 

impulse  j  ana,  x-iso,  whose  design  lead  s',  to  lower  limiting  (»^i;  laer«ao%' 

*.  |  ^  ,  %.  I;-"  •  .•■-•  ■ 

:: tea }  values  of  the  structural  factor.  The  dlffarehjpes  between; these  two 


optimizations  are  shown  to  disappear. when  all  the  .stages  beneath  the  stage 

being  optimised  have  equal  a  m3  now -varying  structural 

more,  these  differences  also  disappear  when  the  stages  uresis  similar 

.  {HZ  /•  •  ; 

but  designed  to  deliver  their  limiting  velocity  increases.  The  cost  cptlrai- 
cation,  of  course,  also  favors  those  stages  which  have  lowe|  hardware  coat 


per  u3©. 


SYMBOLS 


.  ■:  j&A 

S%'.\ 


a'.-vY : 


•  >  *v  pjSf  £  • .  '• 

The  following  symbols  are  used  In  this  report:  .  .  W 

Constant  (minimum)  limiting  value  of  the  structural  factor 
Constant  in  expression  for  the  yarying  structural  lacwrfj  •. 


Influence  coefficient 


II- 


Cost,  per  unit  of  hardware  weight,  per  use  (dollars /lb) 5 


Drag  {lb}  y 

Dependent  variable 
Payload  exchange  ratio 
Gro33-to-payload  mass  ratio  ; 
Gravitational  constant  (ft /sec  )  ): 

I'  V 

Har d v/a x- e - 1 o- pa y load  mass  ratio; 
Specific  impulse  (sec)  :  4 

Terminal-to-groas  mass  ratioi  | 
Number  of  stages 
Propellant-to-payload  mass  raitp 
Varying  quantity  (independent  variable) 
Retarding-to-accelerating  force  ratio 


<tv  *: 

ff  %: 

4:  I',  ■ 
&  i;U  ■: 


S  u 


s 
7 
V 

w 
6 

Subscripts: 

d  permutation  index  denoting  dependent  variable 
e  effective 

f  propellant 

g  gross 

h  hardware 

*  initial 

.  .  • 

j  permutation  indfex  for  stage  designation 

k  specific  value  of  j 

p  payload  '' 

q  permutation  index  denoting  the  varying  quantity 
t  terminal 

Superscripts: 

*  .  Bar  above  the  symbol  indicates  average  (constant)  value 

*  Star  indicates  certain  Axed  constant  value 

o  Circle  indicates  the  value  of  G.  or  rr..  at  which  the  introduction  of 
optimized  (k+i)  stage  bfeeqmesxeasibie 


Structural  factor 
Thrust  (lb) 

Booster’s  velocity  (ft /sec)  -±: 

Welght 

Angle  between  flight  direction  and  local  vertical  (degrees) 


Table  I.  Influence  Coefficients  for  Single  Stage. 
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Figure  2,  Single  Stage  Influence  Coefficients. 
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Figure  3.  Influence  Coefficients  for  a  Multistage  Booster 
With  n  Similar  Stages. 
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PERFORMANCE  OF  SOLID  PROPELLANTS 
Introduction 

In  order  to  understand  what  makes  a  s  olid  propellant  of  high  performance, 
let  us  first  review  the  pertinent  thermodynamic s  to  determine 'what  r>  k 

attributes  one  should  seek.  The  standards  specific  impulse  is  equal  to 
the  exhaust  velocity.  For  the  ideal  case  one  can  write. 


The  exhaust  velocity  is  also  equal  to  the  enthalpy  difference  between  chamber 
and  nozzle  exit, 

/ 


1 


v  =  2g  (K  -  K  5 
e  **  c  e 


1/2 


The  enthalpy  balance  for  the  combustion  process  is, 

(Hc  -  Ho  +  -  y>i<Hi  '  H°  +  AHf’ 


This  can  also  be  written  in  terms  of  fhe  heat  of  combustion, 


A  HC  ~ 


'i  4H(  - 


Ex, 

.T\  -  * 


AH, 


(3) 

M 


For  the  ideal  case  the  chamber  temperature  should  be  related  to  the  heat 
of  combustion,  ; ;  ;  :Z\ :;p. 


t 

i 


This  line  of  reasoning  circumvents  the  usual  arguments  for  high -temperatures 
and  low  molecular  weights  by  placing  the  emphasis  on  high  heats  of 
combustion  per  gram. 

The  heat  of  combustion  is  equal  to  the  heat  of  formation  of  the 
reactants  minus  the  heat  of  formation  of  the  products.  The  heat  of 
formation  .ox  the  reactants  can  be  at  best  zero  or  slightly  positive.  If 
they  were  significantly  positive  they  would  undoubtedly  be  unstable 
and*,  therefore,  not  be  suitable  for  use.  Therefore,  there  is  an  upper 

'  i  / 

limit  to  the  heat  of  formation  of  the  reactant.  The  heat  of  formation 
of  the  products'  on  the  other  Hand  can  be  as  negative  as  possible.  It 
is  logical,  therefore,  to  first  examine  products  that  give  highly  negative 
heats  of  formation  and  later  to  determine  if  there  are  suitable  reactants 
composed  of  constituents  of  the  product. 

The  heat  of  combustion  per  gram  of  products  has  been  calculated 
for  the  lower  atomic  weight  elements  with  fluorine  and  oxygen  and  is  presented 
in  Figures  1  and  2  and  Table  I  (Ref.  1).  The  same  calculation  for  an 
even  larger  number  of  elements  has  been  done  by  Glassman  (Ref.  2). 

It  wilV be. noted  that  many  of  r.ue  results,  are  given  for.  solid  products.  If 
only  gaseous  products  had  been  used  the  numbers  would  have  been  much 
lower.  ^Indeed,  BeO  (g)  is  then  endothermic  .and  would  be  on  the  negative 
side  of  the  scale.  However,  if  one  reconsiders  Equation  2,  it  will  be 
noted  that  one  is  interested  in  the  enthalpy  difference  between  chamber 
and  nozzle  exit.  Therefore,  in  considering  h-'ats  of  combustion  one  is 
interested  in  the  heats  of  combustion  of  the  oducts  as  they  will  exist 
at  Ihe  nozzle  exit-.  Unfortunately,  these  products  that  supply  good  heats 


will  have  to  supply  the  forking 


V  -^The  major '‘advantage 


of  liquid  propellants  over  solid  propellants  is  primarily  the  fact 


that  they  supply  a  much  better  working  fluid,  one  .of  a  lower  molecular 
weight.  .  ‘  /  ;•?  ' 


In  practice  only  the  metal  oxide  as  products  will  be  of  interest. 

The  fluorines  would  be  of  interest*  bu  ,  is  difficult  to  get  fluorines  in 
a  solid  propellant.  Thore  are  some  fluorocarbon.- compounds,  but  they 
do  net  make  good  binders.  If  the  metals  would  preferentially  combine 
with  chlorine  this  would  be  desirable  as  this  might  then  free  hydrogen 
to  provide  more  working  fluid.  It  is  quite  obvious  that  if  one  desires 
a  metal  oxide  as  a  product  the  metal  can  be  added  as  an  ingredient.  The 
metals  as  ingredients  are  examined  in  Table  II.  The  table  contains  some 


other  metals  besides  those  given  in  the  Figures.  Scanning  the  list  one 
sees  that  there  is  not  a  great  deal  of  choice.  Hydrogen  is  a  gas. 

Lithium  has  a  low  density  and  i?  very  reactive.  ’  Beryllium  does  not 
have  too  low  a  density  but  the  products  are  toxic.  The  density  of  boron 
is  good  but  it  is  slow  burning  and  difficult  to  handle.  (Ref.  2).  Magnesium 
has  a  low  density  compared  to  aluminum.  Aluminum  has  the  best  density 
of  the  lower  atomic  weight  elements  and  has' no  other  problems.  Silicon 
has  a  lower  density  and  phosphoruses;  is  poisonous.  The  heavier  metals 
are  primarily  distinguished. by  their  high  density  but  they  have  lower 
heats  of  combustion  and  are  approximately  equivalent  to  carbon.  ..  The 
carbon,  of  course,  is  added  as  part  of  the  binder.  It  is  reasonably 
obvious  why  aluminum  was  one  of  the  first  propellant  additives;  Of  the 


other  elements; 
a;' better  additive 


it  is  difficult  to  tell  whether  boron  or  beryllium  would  be 


n  1 


One  can  also  add  the  metals  to  the  propellant  as  hydrides.  There 
it  no  point  in  considering  other  inorganic  compounds  since  these  will 

■  -s'  ■  * 

all  have  large  negative  heats  of  formation.  One  might  also  consider  some 
of  the  metal  organic  compounds;  however,  these  are  usually  rather 
unstable.  A  number  of  solid  metal  hydrides  are  listed  in  Table  III 
(Ref.  1).  It  is  not  quite  so  simple  to  determine  which  might  be  the 
better  metallic  hydride.  Beryllium  hydride  has  z.  possibility  of  having  a 

slightly  positive  heat  of  formation,  therefore,  it  would  be  like  having 

......  ✓ 

beryllium  with  the  added  advantage  of  the  hydrogen.  On  the  other  hand,, 
it  has  a-yery  low  density .  At  this  time  it  might  be  a  good  idea  to  point 
out  that  it;is  not  entirely  clear  whether  the  favorable  properties  should 
be  based  on  per  gram  basis  or  on  a  unit  volume  basis,  since  with 
propellant  manufacture,  density  plays  such  a  significant  role.  Aluminum 
^hydride  has  a  much  better  density,  therefore,  it  is  not  clear  which  of  these 
.two  would  be  best,  assuming  that  heats  of  formation  are  correct.  There 
is  another  group.of  materials  with  slightly  lower  AH^.  These  are  JLiAlH^, 
UK,  Mg-  (A1H4)2  and  Mgl^ .  The  MgfAlH^Jg  looks  best  because  of  its  high 
■;  density  and. good  hydrogen  content.  To  make  a  better  evaluation,  detailed 
performance  calculations  would  have  to  be  made  since  the  differences 
between  any  of  the  above  ingredients  would  be  small. 

Oxidixers  •  .  /  ’ 

y^The  current  and  e arlie* oxidi z e r s  are  well  known.  First  came 

.  . . ' 


KClV  .followed  by  XCIO^  and  then  by  NH^CIO^  which  is  in  extensive  use  today. 
^J^^b?;ls;'^so:iW  current  useV.V.  The  double-base  propellants  are  primarily 

njfroglycerine  with  some  additional  higher  energy  additives 


/  So 


appears  worthwhile  to  try  to  increase  AHc  by  reducing  the  AK^,  of  the 
....  reactants,  primarily, the .  oxidizer.  Another  possibility  would  be  to  have 
an  oxidizer  built  around  fluorine  since  as  the  figure  indicated  me  ttiitalltc >r^ 


fluorides  have  very  favorable  AH^.  This,  however,  does  not  seem  to  be 


with  good  oxygen  contents  and  possibly  increased  hydrogen  content  end 
added  energy. 

A  great  number  of  nitrate  and  perchlorate  compound®  are  listed  by 
Urbanski  (Ref.  3).  Some  of  their  properties  are  given  in  Table  IV. 
Unfortunately,  there  is  a  great  deal  of  missing  data.  It  does  not  appear 
that  there  are  any  nitrates  that  are  particularly  better  than  NH^NO^. 
Hydrazine  nitrate  has  a  better  AH^  but  has  a  relatively  low  melting  point 
and  even  lower  density.  The  lower  density  of  ammonium  nitrate  as 
opposed  to  NH^CXO^  is  one  of  the  problems  in  using  it.  The  hydrazine 
nitrate  is  also  sensitive.  Thiourea  nitrate  has  a  better  but  its 
molecular  constituents  are  not  too  favorable.  A  similar  situation  exists 
with  the  perchlorates.  Hydrazine  perchlorate  has  a  good  density. and  AH, 
has  been  improved.  However,  it  is  probably  shore  sensitive,  similar  to 
hydrazine  nitrate.  Nitrosyl  perchloraw  has  even  a  better  density  but 


decomposes  at  rather  low  temperatures.  Nitronium  perchlorate  has  a 
positive  heat  of  formation  and  a  very  gbbd  density.  It  is,  however,  very 
hygroscopic,  it  does  have  the  disadvantage  that  it  is  removing  hydrogen, 
although  it  is  replacing  it  by  oxygen.  Ethylenediamine  di perchlorate 
does  not  appear  to  have  any  significant  advantages  over  NH^CIO^.  •  .• 

■  It  does  appear  thit  there  are  many' oxidizers  to  chooie'iroth;"' 


Theoretical  Impulse  Calculations 

Theoretical  impulse  calculations  have  been  made  for  a  number  of 
the  hydride*  with  NH^CIC^  and  NO^CIO^  (Ref.  4).  These  are  presented 
in  Figures  3Hthrough  6.  The  specific  impulses  increase  with  increasing 
exothermicity  except  that  LiH  appears  to  be  out  of  place.  This  is  probably 
due  to  its  low  AH^  which  with  its  low  molecular  weight  when  placed 
on  a  gram  basis  is  more  significantly  different.  It  will  be  noted.  Figure  4, 
that  AlHj  produces  a  higher  chamber  temperature  than  Bef^  and  the  higher 
specific  impulse  of  BeKL,  is  due  to  its  lower  molecular  weight  gases. 

The  results  with  NO^CIC^  are  given  in  Figures  5  and  6.  There  appears 
to  be  little  change  in  specific  impulse  with  the  metal  hydrides,  although 
the  maximum  shifts  to  lower  oxidizer  requirements.  It  will  be  noted  that 


in  general  higher  temperatures  and  higher  molecular  weights  are  obtained 
with  the  metal  hydrides  plus  NO^CIO^.  Apparently,  as  discussed  under 
the  oxidizer  section,  the  increase  AH^  is  balanced  by  the  loss  of  hydrogen. 
There  is  an  increase  with  CH £.  This  is  probably  due  to  a  more  favorable 
balance  in  the  water  gas  reaction.  The  comparison  between  NH^CIO^ 
and  NO^CIO^  also  holds  true  at  higher  expansion  ratios. 


The  effect  of  Y  (specific  heat  ratio}  has  been  of  interest  since  lower  Y 
give  higher  vacuum  impulses.  Fig.  7  is  a  plot  of  the  ratio  of  the.  vacuum 
thrust  coefficient  to  the  thrust  coefficient  at  standard  conditions  against 
expansion  ratio.  The  specific  impulse  will  have  the  same  ratio.  The 
effect  of  gamma  is  rather  small.  However,  if  specific  impulse  measurement 
are  made  at  low*  the  estimation  of  high*  value  can  be  overly  optimistic 
if  too  low  a  gamma  is  assumed.  .This  type  of ’estimation  is  rather  crude 
by  today's  standards .  The  thermodynamic  calculations  should  be  used  to 
estimate  efficiencies  and  coupled  with  two-phase  flow  losses  for 


extrapolation  purposes. 


/SX 


Additional  insight  into  the  effects  of  *11^  and  added  may  be 
obtained  by  talcing  a  composition  and  arbitrarily  varying  these  quantities. . 
This  has-been  done  with  propellants  consisting  of  20  perjc-ent  CH_, 

■  'C  <M 

16  percent  A1  and  64  percent  NH^CIO^.  The  assumptions  and  the  results 

of  the  calculation  are  given  in  Table  V  and  Figure  8.  The  AH^  of  NH^C1Q4 

was  varied  from  0  to  -140  Kcal/mole.  Averaging  the  results  gives  a 

* 

change  in  I  of  30  sec  for  a  change  of  38  Kcal/100  gms  of  propellant. 

The  effect  of  changing  the  hydrogen  was  surprisingly  less.  This  indicates 
that  the  effects  of  changing  to  Al  07  AlH^  or  to  Be  to  BeH^  in  a  real 
propellant  will  be  much  less  than  the  effects  indicated  in  Figures  3  and  5. 

This  can  readily  be  seen  by  examining  the  results  of  calculations 

from  Siegel  and  Schieler  (Ref.  1)  shown  in  Table  VI.  The  chamber  and 

exhaust  products  are  shown  in  Table  VII.  Unfortunately,  these  calculations 

•/ 

are  for  solids  loading  that  will  be  difficult  to  obtain.  Nevertheless,  one 
can  see  that  the  differences  between  propellants  are  considerably  less 
than  that  indicated  in  Figure  3.  Note  that  the  gains  of  adding  metals  to 
the  polyethelene  are  primarily  due  to  increases  in  chamber  temperature. 
The  gains  due  to  adding  the  hydrides  are  a  result  of  decreases  in  molecular 
weight. 


Real  Propellants 

•i  ■  ..  : 

The  first  binders  were  asphalt  resins.  The  first  polymeric  binders 

were  the  polysulphides.  The  initial  polysulphide  binders  were  not  too 

- -  -  ' 

good  due  to  the  low  hydrogen  content  and  a  high  sulpher  content  leading  to 
high  molecular  weight  exhaust  gases.  Performance  was  gradually 
increased  with  a  polysulphide  propellant  by  increasing  the  hydrogen 
content  and  reducing  the  sulpher  content.  -  It  was,  also,  difficult  to 
incorporate  metals  because  of  the  water  formed  during  the  curing  reaction 
Polyurethane  binder#  were  the  next  major  development.  Polyurethanes 
a  .  formed  by  the  condensation  polymers  polymerization  of  an  isocyanate 
and  a  diolv  This  eliminates  the  secondary  problem  of  water  elimination. 

■  .  V.  / 

The  polyurethane  polymerization  is  better  characterized  than  that  of  the 
i  poly  sulphide  so  that  one  can  much  more  accurately  construct  the  desirable 
physical  properties  and  control  them. 

The  polybutadiene  type  binders  are  the  most  recent  and  currently 
.the  most  widely  used..;  The  advantage  pf  this  type  of  binder  over  the 
polyur ethane':'type. is. a  lower  density  and  a  better  hydrogen  content.  An 
additional  discussion  of  the  binders  can  be  found  in  Siegel  and  Scliieler 
(Ref.  1).  Typical  binder  types  are  compared  in  propellant  systems 
containing  aluminum  and  ammonium  perchlorate  in  Figure  9  (Ref.  5). 

As  one  moves  from  the  pure  fuel  polybutadiene  to  binders  containing 
increasing  amount  of  oxygen,  peak  I  is  reached  at  progressively  lower 
solids  loadings.  Polybutadiene  is  a  better  fuel  than  polyurethane1 'showing 


When  nitroplasticizers  of  high  oxygen  content  are  added  to  polyurethane 
the  magnitude  of  the  peak  I  does  not  change  but  is  Achieved  with  a 
lower  portion  of  solid  oxidizer.  The  use  of  nitrato  plasticizers  and 
polymers,  such  as  nitroglycerine  and  nitrocellulose,  not  only  shifts  the 
peak  I  to  a  lower  solids  loading,  but  also  increases  the  peak  value 

D 

(compared  with  polyurethane).  The  disadvantage  of  propellants  with  peak 
I  and  low  solids  loadings  is  lower  density  and  consequently  lower  impulse 
per  unit  volume^s  the  solids  have  higher  density  than  the  binder.  This 
is  extremely  important  in  volume-limited  rocket  motors.  Theoretical 
specific  impulse  contours  for  a  PBD  propellant  are  shown  over  a  range 
of  compositions  in  Figure  10. 
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THEO.  L  AP-AI-PBD  PROP 


NH.CIO 


TABXB  1 


CfesKsssasirr  of  Standard  Haste  of  formation  01  2S*C* 


Ceff^saafl 

Stadkvg 

energy 

CltaS/raoCe) 

<&qti$8iaaSk& 

energy 

(bsJ/raefe) 

tfattrlniJ 

raMUrQ 

AH, 

(boel/mcte) 

Shtnderd  A  Ht 
CaaJ/graaO 

LiF(r) 

137  *  2.9 

<6*2J 

—146 

-3.63 

NaF(r) 

112 

69 

-136 

-3.24 

MjO(r) 

170  *  4 

109  *S 

-142.3 

-4.77 

Na,0(r) 

✓  — 

— 

-99.4 

-1.60 

BeFgfi) 

301  ;’fi  5 

37  *9 

-241  *3 

-3.13 

MgF/s) 

230  *4 

86  ±7 

-262.3  *3 

-4.21 

BeO(r> 

IM 

174 

-143 

-5.72 

MgO(r) 

91 

I4t 

-144 

—3.57 

BF.fr) 

4»*03 

Gas 

-270*2 

-3.98 

AIFrfr) 

420*6 

71  *3 

-336  *9 

-4.24 

BA(») 

€54  *9 

99 

-305 

-4.38 

a-AljO/f) 

— 

— 

-400 

-3.92 

CF,fr) 

463  *2 

Gas 

-2IS  *  1 

-2.48 

SiF4fr) 

339  *  13 

Gas 

-373 

-3.58 

CO  ,fr) 

314.2*0.3 

Gee 

-94.1 

—2.14 

cofr) 

237*06 

Gae 

-26.4*06 

-0.94 

SiO,(») 

303  *  12 

136 

-210 

-3.49 

NF.fr) 

199  ±3J 

Gae 

-29.7  *  2 

-0.42 

PF.fr) 

933.7  *  2 

Gas 

-381 

-3.C2 

PF,fr) 

346*11 

Gas 

-209*10 

-2.38 

NOfr) 

131  *1 

Gas 

4-21.7 

+0.72 

p«o,/») 

— 

— 

-703  *3 

-2.48 

SF.fr) 

467.3  *  2.3 

Gae 

— 288 J  *  07 

-1.98 

SC^fr) 

339  *1 

Gae 

-94J 

—1.18 

ClF.fr) 

124.5  *  3.9 

Gas 

-39*1 

-0.42 

ClOjfr) 

123*3.9 

Gas 

4-2S*U 

+0.34 

F.COfr) 

419  *4 

Gas 

-ISI  *3 

-2.29 

(OBFVf) 

1201  *  21 

20*4.9 

-388  ±2J 

—4.28 

BN(j) 

94.3  *  It 

211  *14 

-603  *01 

-2.43 

*  The  data  in  this  table,  with  the  exception  of  FF*.  wars  calculated  from  data 
in  the  JANAF  Thtrmochsmfcal  Tables,  Dew  Chemical  Co^  Midland,  Mich., 
December  31, 1941.  The  standard  heats  of  formation  of  the  pcatmi  mdecMlae 
can  be  calculated  from  the  data  ou  blading  eawglee  by  aee  of  the  ropro^rlate 
beau  of  atomization  of  the  eiementa.  The  latter,  hi  kcal/mofe,  are  ae  foSowe: 
Li,  31.4  *  4;  Na,  25.1;  Ba,78J  *03;  Mg,35J;  B,  132.6  *4;  A1.78  *04; 
C  170.3  *  OJ;  81.  110  *  18;  N,  113  *  1;  F,  TtJ;  8,  *5.7  *  Of;  a 
29*2;  F,  109*03;  0,900  The  heat  of  formation  far  FF,  *aa  Taka* 
from  3.  T.  Arantraag  and  L.  A.  Kitogwi,  fo^grmta  tetmmtemmtHmmntkm 
rWrWymnwfcj  mi  Trmaptrt  fotftrttet,  I  n  fall  Owe.  Ham  Tart  (1942). 


TABIZ  II 


H,  Eydrogan 


Matal  Additives 


Density  Cense*.;. -;s 

P  (gm/cc) 


Gas 


Li,  Lithium 
Be,  Beryllium 
B,  Boron 


0.53 

1.85 

2.45 


Reactive 
Toxic  products 
Slow  Burning 


Mg,  Magnesium 
A 1,  Aluminum 

Si,  Silicon  2  •  2A  — 

P,  Phosphorous  ■■■  .  •  2*20  (Red)  Poisonous 

-  . ;  f-  •  *  • 

;;;  1.82  (Teiiosr) 

cl.  Calcium  1.55  Reactive 

• "  :  ■  ■  ■  *'  ‘  ;  .  '  •  '  •• 

Ti,  Titanium  <  4,50  '*  — 

C.  Carbon  ~  ~2  — 

V,  Vanadium  r.  J  *  5.96  .  ;  ...-V  - 


1.74  ■'  Lcnr  Density 

2.70  - 


TAELS  III 


SOLID  HYDRIDES 
(Ref  8) 


Hydrogen 

g/cc 

Density 

g/cc 

X 

kcal/mo.le 

Aluminum  hydride 

A!H3  . 

0.130 

13 

-  3  ±  10 

Beryllium  hydride 

BeHg 

0.109 

~  0.6 

10  (?) 

Lithium  aluminum,  hydride 

LiAlH^ 

0.09T 

0.92 

~  2h.l 

Lithium  amide 

LiRHg 

0^103 

1,18 

-  ^3-5 

Lithium  borohydride 

LiBH^ 

0  i!22 

0.66 

-  44.6 

Lithium  hydride 

LiH 

0.10k 

0.82 

-  21 -T 

Magnesium  aluminum  hydride 

Mg(Al^}g 

0.151 

1.63 

-  23.1 

Magnesium  hydride 

MgHg 

0.110 

1.45 

-  18  ±  5 

TABLE  IV  OXIDIZER  DATA 


NITRATES 

lyp. 

°c 

Density 

gn/oar 

*r 

Jtcal/ea  mole 

;i? '  t  ;  1  :  t  \ 

Hygrodcopl-l  ty 

r<r  ~f. !  ’ 

Aancalusi  nitrate 

169  ■  6 

1.725 

-  87.3 

Excellent 

Slightly 

N.  - 

Ethy leoedlaalni  D1  nitrate 
(C^llHjNOy^ 

— 

1.1*9 

— 

Exeelltnt 

Very  high 

Ithonoiaalnc  Dlnitrate 

i»3  kh3<cii2  )£  t»3 

103 

~ 

— 

Low 

Higher 

Guanidine  Nitrate 

-215 

— 

-  91.1 

— 

— 

Sllab'- 

Haxaae  thy  Innate  traalne 
Wnltrate (CHg (W»3)2 

1C0 

•  — 

— 

— 

— 

— 

Rydrarlne  Nitrate  IDL,  HHj  HO^ 

TO. 7 

1.62 

-  59-0 

Good 

Lee* 

Likr  >  ■. 

Ifcthylaeilnenl  trate 

CHj  NH3  CtOu 

195  (d) 

0.9 

— 

Good 

Higher 

lev 

OxciiIud  Citrate  COHIJOj 

mmm 

_ 

.  — 

— 

■fttraaethyl  Ajnoniuo  Hi  trate 
(CU3),,  imo3 

110 

1.25 

- 

— 

— 

Jlcnr 

'Ifclourea  lUtxate 

c(w^)2  sb*>3 

UlO  (d; 

_ 

-  71.5 

— 

— 

— 

Urea  Nitrate  cCUH^  0H»3 

125  U) 

1.59 

-  Ul.B 

Poor 

— 

Rone 

TOtCXWMTX; 

fcnonlua  ^trchlflrate  HH^CdO^ 

210  (d) 

1.95 

-  69.1 

Excellent 

— 

— 

Dleyandlealdlne  Perchlorate 

C  (HH)3  CONHj  HgCiO^ 

— 

— 

— 

— 

— 

— 

SthylenadiattiD*  Clporchlorate 
(CHg  KH3  C%)2 

— 

— 

-  68.5 

— 

High 

High 

Ouaaldlne  IK  perchlorate 

C  (NH^  C*^ 

250 

— 

— 

Excellent 

None 

Jtodeneu 

Bexaalnc  Perchlorate 
(Hexaae  thy  lent  tetraalne) 

Wfi  *3®  Cl0l 

— 

— 

— 

Low 

— 

UKr 

-r  > 

riilat*  v-  v 

Hydra*  lr»e  Perchlorate 

1*2  W3  ciol, 

-  137 

1.9k 

-  39-0 

— 

— 

— 

Uthlue  Perchlorate 

U  C<0^ 

236 

2.189 

*96  . 

Very 

High 

!*0O* 

Hethylaedne  Perchlorate 

ClLjiUj  C*^ 

810 

— 

— 

— 

— 

Klgfc 

Nltroeyl  Perehlorate 

»c  *>u 

<  100  (d) 

2.169 

-  11.8 

Low 

— 

— 

Kltronlon  Perehlorate 
®2  Cl  0k 

✓  , , 
135  (d) 

2.22 

8 

— 

Very 

— 

potaeelua  Perchlorate 

ic*^ 

— 

2.52k 

-  103.6 

Excellent 

— 

HvT.i 

Pyridine  Perehlorate 

21 5 

— 

— 

— 

— 

Nyie  r%  •-» 

Trlphenylcartonlua 

Perchlorate 

150 

— 

— 

—  , 

— 

- 

(c6h5)  c  c*ou 


BOTt:  Absence  of  data  mu  not  available  In  etandard  referacce. 


TABLE  \ 


SOLID  FROEELLA3TT  FSRPORKAHCE 


Effect?  of  AEj  and  Hg 


Run 

mf  kcol/mol 

Binder 

“C 

V°K 

1 

-69. U 

N, 

249.  T 

2546 

22 

2 

0 

N- 

277-7 

3120 

21 

3 

-140 

N- 

216.9 

1996 

22 

• 

h 

"•69.4 

H. 

264.5 

2458 

18 

* 

5 

-69.4 

273.7 

2 375 

16 

:>  / 


- ^.,2-~U« 


MM  VI 


Perfmrmemet  ^WCtaywfcftifAwi 


PropctenC 
(weight  ratfaC 

r. 

c*> 

H, 

r* 

<*K) 

/,  (raw) 

(tbMC/fe, 

JIT.  W00/«4  7  pi; 

0.5NH/3Ofce.5  (CHJ. 

1175 

20.4) 

790 

22.74 

til 

a«NH<QOt.0.4(CHJ. 

ura 

19.42 

140 

22.74 

IS;' 

0.7NHX3OM0.S(aO. 

1)12 

II.4I 

1*3 

20.97 

200 

0.6  NH^OOfc  0J  (CHJ, 

2DM 

20.4) 

924 

20.99 

22! 

0.9NK<aQ«.0.l(CH|). 

m) 

24.13 

1425 

24.15 

252 

o.«NHlaofco.M(oyf 

2529 

27.47 

1290 

27.72 

219 

0.11  NH/30»  005<CH^  0.10  At 

34)3 

2154 

2247 

29.71 

241 

0.745  NH,CTOfc  0.0*5  (CH&.  0.2$  A1 

3421 

29.4) 

2349 

31.42 

244 

0.72  NH«aOfc  0.04  (CHJuOJO  A1 

3714 

31.27 

2490 

3342 

264 

0JI  NK£3D„  009  (OU.  0.10  B> 
0.745  NH/X>/r0.085  (CHJw  0.13  ■> 

3453 

3140 

2747 

2MI 

2419 

2131 

29.23 

30.03 

271 

212 

0.72  NH/3U*  0.01  (CHJa,  OJO  Bt 

3019 

21.94 

2144 

XM 

240 

0.745  NH(CX)s,O.OOS(CHt).  9.25  AJH« 

3344 

24.91 

1949 

2JJ3 

27) 

0.745  PfH^OOt,  0005  (CHJU  0-13  B*Ht 

3350 

2144 

2295 

2244 

30) 

TABUS  VII 


Combustion  Products  Corresponding  to  Propellants 


Prop»IUM 


:  friHten*  of  p'odacu  at  r,  MeH  foctiotti  at  product*  at  7, 


0.5  NH.CIO* 
O.J(CHt). 

0.«  NH,CK>* 
0.4  (CH|), 

0.7  NH,006. 
0.)  (CH,), 

0.1  nh.oo* 

01  (CM,). 

0.9  NH,CIO* 

0.1  'CHj)# 


0.95  WH,C10* 
0.05  (CM,). 

0.11  NH(CIO* 
00»(CH„V 
0.10  Al 


0.7*5  NH.CTO* 
0.0*5  (CM^. 
0.15  Al 


0.72  NH,aO„ 
0.0*  (CHJ* 
0.20  Al 


0.11  NH.OO* 

0.0*  (CH^ 

aioo* 


0.765  NH,CTQ* 
0.0*5  (CHO. 
0.15  B* 

0.72  NH,CTO* 
0.0*  (CH.U 
0.200c 


0.7*5  NM.O04, 
0.015  (CH,)* 
0.15  AIM, 

0.7*5  NH,OOt. 
0.0*5  (CM  jV 
0.15  0»H| 


0.274  H*9.27)  Cbl  0.1)0  CH* 
0.10)  CO.  0.09*  HjO.  0.0*4  HO, 
•0.0)2  N*  0.02*  CO, 

0  )22  H,.  0.1*2  CO.  0.155  C(»), 
0.094  CH,.  0.0*4  HO, 0.0*4  74A, 
0.042  N*  0.0)2  CO, 

0  )70  H„ 0  )05  CO, O.IW  740, 
0.069  HA.  0.0«i  CH„  0.054  N* 
0.032  CO, 

0.27*  H,.  0.249  CO.  0.222  HA, 
0.1)9  Ha.  0.070  N*  0.04)  00, 

0.45)  HaO.  0.115  Hd,  0.12*  CO* 
0.091  N*  0.061  CO,  a*)  I  H* 
0.01*  OH,  0.014  a.  0/04  H, 

0.00)  NO,  0X03  O 
0.4)5  H.0, 0.204  HC*.  0.1?'.  O* 
0.10*  N,. 0.097  CO,.?  i'15  a, 
0.009  OH,  0.007  NO 
0.3)*  H.0, 0.1*4  HO,  11.324  CO. 
0.10*  H, .0.002 1 4. 0.030  CO,, 
0.050  A  1,0^).  0.026  OH,  0 .020  O, 
0.020  H.  0.004  O,, 0.004  NO. 
0.00)0 

0.2*0  H/>,  0.1*0  H,. 0.151  HO, 


OKI  Cli).  0.224  H.,0.152  H.O, 
0.12)  CH*  0.06)  HO,  0.04)  CO* 
0.032  N„  0.014  CO 
0.279  H, .0.2*7  0»l.  0.145  HaO, 
0.0*1  HO,  0.077  CH,.0.070  CO* 
0.0*1  CO.  B.04I  N, 

0.322  H,.  0.144  C<j),0.!X»  H/>. 
0.106  HO,  C.099  CO*  0.097  CO, 
0.053  0.047  CH, 

0.3)7  H,.  0.150  HtO.  0.150  CO. 
0.14)  HO-  5.154  CO*  0.071  N* 
0014  CH. 

45.471  HA  0.20*  HO, 0.161  CO* 
0.103  N*  0.031  CO.  0.029  H, 

0.4)9  HA  0.21*  HC1, 0.1)0  O* 
0.1 12  74*0.099  CO*  0004  a, 

0.3*4  HA  019)  HO.  0.100  CO. 
0:107  He.  0X97  74*  0.074  CO* 

003?  A1AW.  0002  a 

0.293  HA0.!(4  HO.  0. 1  S3  H* 


0.139  CO.  0.01*  N*  0.075  A1AW..  0.1)3  CO, 0.094  74*0.000  AIAWC 
0.034  H.  0.02*  CO,.  0.027  OH,  01042  CO*  0X040 

0.0220.0.004  0,0.00)740. 


0.022  0. 0.004  0, 0.00)  NO. 

ooo)  o,.o.oo2  Aict* 0002  Aia 

0.21)  H„  0.1*4  HA.  0.145  CO, 
0.1)4  Ha.  0.0*0  ALOyMOM)  1 


0.21)  H„  0.1*4  HA<  0.145  CO,  0.23)  11*  0.204  KA.  0-<7S  HO. 
0.1  M  HCJ. ,0.0*0  AtAM, 00*5  N*  0.147  CO.  0JI0  A^A(*  0091  74* 


0.057  H.  0.025  OH. 0.024  Cl,  0X22  CO, 

0.016  CO*  0.00*  AiO.  0004  Aid*  0002  OH 
0.00)  NO 

0.21*  BcO(«).  0.171  HA  014?  K*  0.242  BaO 
0.127  HCI  0.12)  CC.  0X74  74*  0.14)  HO 

0.3)6  H,  0.019  Cl,  0.019  OH,  0022  CO, 
0.01 7  CO*  0.01*  BaOH,  000)0,  0004  OH 
0.002  NO 
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T1.2  increasingly  higher  price  paid  in  system  inefficiency  as  the  result  of 
maintainability  problems  with  each  new  generation  of  projects  is  well  known.  The 
growth  in  complexity  of  both  current  and  projected  space  projects,  civilian  as  well 
as  military  has  been  accompanied  by  a  "critical  mass"  effect  which  has  focused  on 
maintainability  functions.  It  is  generally  accepted  that  on  a  dollar  cost  basis  alone, 
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from  ten.  to  thousands  of  times  the  original  cost  of  a  given  system  is  spent  on 
maintenance  during  its  operating  life.  Despite  increased  use  of  automatic  checkout 
.  procedures  and  other  aids  for  simplified  troubleshooting  and  repair  it  remains  a 
fairly  defensible  rule- of- the- thumb  that  approximately  one-third  of  the  personnel 
assigned  to  operational  systems  are  principally  engaged  in  maintenance  functions. 
‘The  role  of  human  factors  engineering  in  maintainability  is  directed  toward 
economically  reducing  the  number  of  personnel  and  skill  levels  required  in 
maintenance  functions,  by  providing  direction  for  hardware  design  that  makes  the 
fullest  possible  use  of  knowledge  about  human  behavioral  patterns.  A  basic  assump¬ 
tion  is  that  even  with  the  maximum  practical  use  of  redundancy,  reliability 
improvement  of  components  and  advanced  self  repair  techniques,  an  ultimate  level 


versatility  and  ingenuity  as  a  decision  maker  in  matters  of  failure  detection, 
replacement  and  repair. 

Particular  areas  where  major  contributions  of  human  factors.engineering 

_ _  ... 

may  occur  include  the  following: 

1.  Development  of  criteria  for  evaluating  and  comparing 
alternate  maintainability  programs. 

2.  Development  of  maintenance  plans  and  schedules  within 
the  framework  of  an  overall  main'  ability  philosophy 
for  a  particular  system. 

3.  Determination  of  maintenance  personnel  requirements  in 
terms  of  manpower  and  skill  levels. 

4.  Development  of  training  and  evaluation  procedures  for 
maintenance  personnel. 

5.  Determination  of  environmental  tolerance  and  work  load 
limits  and  requirements  for  maintenance  personnel. 

6.  Development  of  trouble-shooting  strategies  for  fault 
detection  and  determination  of  optimal  placements  of 
test  point  locations. 

7.  Provision  of  information  concerning  design  constraints 
based  on  such  factors  as  human  body  part  sizes  and 
sensory  input  requirements. 

8.  Development  of  job  aids,  special  supports  and  other 

supplementary  equipment.  ■ 

As  with  other  subsystem  aspects  of  complex  system  design  a  key  necessity 
is  specialized  participation  by  maintenance  engineers  in  collaboration  with  human 
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factors  engineers  (in  some  cases  they  may  be  the  same  people)  from  the  earliest 
stages  of  design  and  development.  An  integrated  maintenance  management  concept 
suitable  for  the  particular  system  mission  and  overall  design  approach  should  evolve 
simultaneously  with  the  elimination  of  alternative  candidate  approaches  in  the  pre¬ 
liminary  design  stage.  Specific  human  factors  considerations  should  cover  at  least 
the  following  items: 

1.  A  preventive  maintenance  and  a  contingency  maintenance 
plan  based  on  the  operational  plan. 

2.  A  maintenance  training  program  based  on  a  maintenance 

✓ 

schedule  arrived  at  by  a  "best  available  information" 
logical  analysis  and  prediction  of  which  components  are 
likely  to  fail  and  when. 

3.  A  list  with  quantitative  estimates  of  the  men,  equipment, 
tools  and  publications  that  accurately  reflects  what 
maintenance  facilities  each  subsystem  will  require  and  at 
what  organizational  level  the  maintenance  is  to  occur. 

To  provide  the  necessary  detail  for  implementing  the  human  factors 
engineering  contributions  as  the  system  is  designed  and  developed,  a  maintenance 
engineering  analysis  is  required.  Minimally  it  should  provide  the  following: 

L  A  part-by-part  analysis  which  describes  each  component,  outlines 
its  function  and  tells' why  and  how  it  is  to  be  jsaintained.  Each 
maintenance  task  should  be  described  in  detail. 

2.  A  tool  and  equipment  summary  which  lists  both  routine  and 
^  .  special  tools  required  along  with  ground  support  equipment  and 


material  needs.  This  summary  should  specify  the  maintenance 
level  at  which  the  work  is  to  be  performed  to  ensure  that  proper 
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tools,  parts,  and  equipment  is  available  in  the  right  location. 

3.  Time  and  error  studies  which  will  intensify  the  number  of  man- 
minutes  required  to  perform  each  maintenance  task  and  indicate 
human  initiated  errors  that  may  occur.  An  efficiency  factor  may 
be  assigned  to  allow  for  different  working  conditions  and  new 
skill  levels. 

4.  A  manning  specification  which  sets  up  personnel  requirements 
necessary  to  put  a  sufficient  number  of  men  with  proper  skills 
into  the  systems  support  program  placing  them  at  the  proper 
maintenance  level. 

The  effects  of  the  simultaneous  conduct  of  a  maintenance  analysis  with  the 
rest  of  the  design  and  development  program  and  its  continuation  throughout  the 
lifetime  of  the  system  will  be  to  provide  dat£  that  will  directly  affect  the  hardware 
design  and  operational  procedures.  For  example,  if  the  analysis  shows  that  more  than 
half  the  economically  available  man-hours  are  committed  before  half  the  maintenance 
taskB  are  described,  the  need  for  design  changes  or  changes  in  the  maintenance 
parameters  should  become  obvious.  A  restudy  of  the  most  time-consuming  or  high 
skill  level  consuming  tasks  should  than  provide  a  decision  basis  for  choosing  between 
the  redesign  of  a  given  subsystem  to  include  new  features  or  the  programming  in  of 
more  man-hours  and  supplies  to  the  system’s  support  plan. 

Naturally  the  cost  of  providing  a  complete  integrated  maintenance  manage¬ 
ment  plan  will  vary  with  the  complexity  of  the  system  and  the  nui.tber  purchased. 

The  return  on  the  investment  will  be  in  the  form  of  cost  savings  during  the 
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operational  phases  of  the  program.  Increased  probability  of  predictable  system 
availability,  reduction  in  total  number  and  overlap  of  the  manuals  and  technical 

directives  associated  with  each  maintenance  level  and  data  which  will  help  provide 
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increased  efficiencies  during  design  and  development  of  each  future  system  directed 
toward  related  missions  will  all  contribute  to  such  savings. 

Even  though  planning,  designing  and  evaluating  for  maintainability  have 
become  more  or  less  accepted  ac  fundamental  to  the  development  of  complex  space 
systems,  there  are  many  problem  areas  where  our  specific  knowledge  is  not  adequate. 
In  the  human  factors  field  this  is  especially  true  with  respect  to  our  knowledge  of 
human  maintenance  performance  in  space  both  in  IVA  (intra  vehicular  activity)  and 
EVA  (extra  vehicular  activity).  As  missions  become  more  prolonged,  maintenance 
problems  will  multiply.  It  is  particularly  important  that  new  knowledge  about  mans' 
capabilities  be  developed  in  anticipation  of  the  increased  load  that  will  be  placed  on 
him  during  long  missions.  Some  particular  areas  which  seem  to  require  special 
research  efforts  are  as  follows: 

Anthropometric  measures  concerned  with  man  working  in  a 
space  suit  in  the  weightless  state  for  purposes  of  establishing 
accessibility,  sizing  standards,  need  for  special  tools,  restraint  and 
maneuvering  equipment,  etc. 

Motor  skills  such  as  assembling,  packaging  and  applying  torque 
from  unusual  postures. 

Perceptual  capacities  requiring  special  coding  of  information  to 
avoid  effects  of  sharp  lighting  contrasts,  visual  illusions,  etc. 

4.  Memory  storage  limitations  where  special  performance  aids 

may  be  required  in  complex  repair  tasks,  especially  in  EVA  where 
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instruction  manuals  may  be  hard  to  refer  to. 

5.  Human  stereotypes  (habits)  in  space  which  will  affect  task 
sequences  and  optimal  spatial  relationships  between  information 
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inputs  and  work  outputs. 

6.  Decision  capabilities  with  respect  to  time  pressures,  information 
feedback  requirements,  testing  procedures  and  other  task  stress 
factors. 

7.  Tolerance  to  environmental  factors  and  work  leads  requiring 
high  metabolic  costs  over  both  short  time,  high  intensity 
conditions  and  longer  time,  moderate  intensity  conditions. 

It  is  evident  that  even  those  elements  and  the  implementation  procedures 
that  can  now  be  anticipated  with  respect  to  maintenance  in  space  will  require  much 
experience  to  evolve  a  full  viable  set  of  standards.  In  the  meantime  the  fullest  use 
of  man's  abilities  and  the  understanding  of  the  design  constraints  which  surround 
them  must  remain  a  high  priority  responsibility  of  not  just  the  human  factors 
engineers  hut  also  the  many  other  engineers  with  whom  the  "people  part"  of  a 
space  system  has  interfaces. 
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INTRODUCTION 

At  the  present  time,  new  conceptual  advances  are  being  made  in  understanding 
the  complex  interaction  between  refractory  materials  and  the  high-temperature, 
chemically  reacting,  environment  in  which  they  are  required  to  perform  as  thermal 
insulators  while  retaining  their  structural  integrity. 

Graphite  is  of  particular  interest  to  us  since  it  is  itself  a  refractory  material 
capable  of  carrying  a  structural  load  at  high  surface  temperatures  and  also  because 
many  plastics  will  form  an  outer  char  layer  upon  exposure  to  severe  heating  rates. 

The  oxidation  of  carbon,  coal  and  graphite  has  been  studied  extensively  for 
over  one  hundred  years,  and  much  attention  has  been  given  to  the  reaction-rate- 
controlled,  transition,  and  diffusion-controlled  oxidation  regimes.  The  oxidation 


rate  of  carbonaceous  materials  in  these  regimes  is  dependent  upon  the  surface 

temperature,  the  reactivity  of  the  particular  type  of  graphite  utilized,  and  the 

-  _ 

diffusion  processes  in  the  gaseous  boundary  layer. 

At  still  higher  surface  temperatures,  one  must  be  concerned  not  only  with  the 
homogeneous  and  heterogeneous  chemicSl  reactions  occurring  between  the  oxygen 
present  in  the  boundary  layer  and  the  carbon,  but  also  the  nitrogen.  In  this  ultra-high 
surface  temperature  regime,  sublimation  of  the  graphite  is  the  mode  of  mass  loss. 

Here  it  is  noted  that  the  upper  limit  of  the  applicability  of  conventional  boundary- 
layer  theory  is  determined  at  the  extreme  surface  temperature  when  the  sublimation 
rate  of  the  vaporizing  graphite  induces  pressure  gradients  normal  to  the  gas-solid 
interface. 

ABLATION  REGIMES  OF  GRAPHITE 

We  will  new  summarize  the  results  of  a  unified  theoretical  treatment  of  the  graphite- 
ablation  process  over  the  entire  range  of  pressures  and  surface  temperatures  of  interest, 
i.e.  from  room  temperature  up  to  10, 000 °R  (see  references  1-5). 

At  the  lowest  surface  temperatures,  the  oxidation  process  is  reaction  rate  controlled 
and  hence  the  mass  loss  increases  exponentially  with  surface  temperature.  At  intermediate 
surface  temperatures,  tfie  overall  rate  of  mass  loss  depends  both  on  gas  dynamic  processes 
and  the  specific  chemical  reactivity.  Eventually,  as  the  surface  temperature  rises  beyond 
a  certain  point  the  mass  loss  becomes  limited  by  the  rate  at  which  oxygen-bearing  species 
can  diffuse  to  the  surface.  This  iB  known  as  the  diffusion-controlled  regime.  In  this  regime 


it  can  be  shown  that  the  mass  loss  is  independent  of  the  surface  temperature,  but  varies 
directly  as  the  square  root  of  the  stagnation  pressure. 

The  mass  transfer  and  heat  transfer  results  for  the  diffusion-controlled  regime 
and  sublimation  regime  which  are  discussed  are  based  on  exact  numerical  solutions  of 
the  boundary  layer  equations  which  include  the  conservation  of  mass,  momentum,  energy, 
and  chemically  reacting  species.  In  the  diffusion-controlled  regime,  a  six-component 
gas  model  has  been  utilized,  including  CO  and  CO„,  plus  the  four  primary'  species  found 
In  high  temperature  dissociated  air  (i.e.  O,  O  ,  N,  N  ).  In  the  sublimation  regime, 
three  additional  species  (namely  C,  C  and  CN)  are  introduced,  bringing  the  total  number 
of  chemical  species  to  nine. 

Based  upon  a  large  number  of  numerical  solutions  to  the  boundary  layer  equations, 
correlations  have  been  obtained  for  the  heat  transfer  rate  and  the  mass  transfer  rate 
including  the  specific  effects  of  enthalpy,  pressure,  geometry  and  surface  temperature. 

DISCUSSION  OF  RESULTS 

In  figure  1,  one  observes  fee  various  mass  transfer  regimes  which  have  just  been 

described.  In  the  region  on  the  extreme  right  hand  side,  boundary  layer  theory  begins 

✓ 

to  become  inapplicable. 

In  figure  2,  one  observes  fee  correlated  heat  transfer  rate  as  a  function  of  the 

effective  mass  fraction  of  fee  element  carbon  at  fee  surface,  C  .  Note  that 

/  hT  \  w 

IK  — :  J  g  w  »  the  heat  transferred  to  fee  solid,  has  been  normalized  by  the  heat  transfer 

in  the  diffusion-controlled  regime,  Qq. 
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Finally,  figure  3  shows  the  normalized  mass  loss  as  a  function  of  surface 
temperature  and  stagnation  pressure.  Here  it  is  seen  that  the  cliemical  kinetics  at 
the  surface,  which  are  a  function  of  the  grade  of  the  graphite,  have  a  pronounced 
effect  at  surface  temperatures  below  3000°R.  Above  this  temperature,  the  surface 
reaction  rate  is  sufficiently  fast  so  that  the  overall  process  is  governed  by  gas-phase 
transport  phenomena. 

CORRELATION  FORMULAS  FOR  MASS  LOSS 

In  the  reaction  rate  controlled  regime,  at  low  surface  temperatures,  the  mass 
loss  is  given  by  the  Arrhenius  expression: 


A  =Ke-E/ETw  ,P 
R  o  0>2  w 


(1) 


where  Kq,  E  and  n  depend  on  the  properties  of  the  graphite. 


In  the  diffusion  controlled  regime,  the  mass  loss  is  given  by: 
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At  intermediate  surface  temperatures,  the  mass  loss  is  given  by 

-  1/2 
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Finally,  in  the  sublimation  regime,  the  normalized  mass  loss  is  given  by: 


m. 


~r~~  =  6.67 
°D  <C>w 


(4) 
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where 


CORRELATIONS  FOR  HEAT  TRANSFER 

In  the  rate  controlled  and  diffusion  controlled  regimes,  the  heat  transfer  to  an 
ablating  graphite  surface  is  given  by: 

Qo  <VP//2  =  33.3  -  0.0333  (Vh  >,  -—2™—^  (7) 

Air  ft.  sec.  atm 

hi  the  sublimation  regime,  the  heat  transfer  rate  to  the  surface  becomes 

/ 

=  !-S  <C  -°*15)  (8) 

w 

i^hcrG  O  ^ 

<C>  has  been  defined  in  equation  (5)  and  S  is  a  fifth  degree  polynomial  which 
w 

(see  figure  2)  decreases  with  increasing  stagnation  enthalpy. 

(ST 

K  dy 

but  we  find  that  the  expression  for  0Q  can  be  generalized  to: 
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CONCLUSIONS 

At  the  present  time  theoretical  techniques  exi3t  Tor  the  prediction  of  the  oxidation 
and  sublimation  of  graphite  for  the  laminar  hypersonic  viscous  flow  over  cones,  spheres 
and  wedges.  Agreement  with  experimental  data  is  reasonable.  Future  work  should 
stress  investigation  of  the  effect  of  turbulence  on  the  heat  and  mass  transfer  to  a  graphitic 
surface. 
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Figure  1.  Mass  Transfer  Regimes  for  Ablating  Graphite 
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Figure  2.  Heat  Transfer  Correlation  for  Graphite  Sublimation 
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General  Remarks 


The  solution  cf  problems  governed  by  partial  differential  equations 
constitutes  a  special  challenge  both  to  thB  analog  cceputer  and  to  the  digital 
cooputer.  Analog  methods  are  complicated  fay  the  fact  that  auch  problems  have 
two  or  more  Independent  variables,  whereas  analog  oenputers  are  restricted  to 
one  indepandent  variable:  time.  Moreover,  field  problems  are  usually  fhraulated 
as  boundary-value  problems,  whereas  analog  oo^puters  are  particularly  useful  fbr 
initial-value  problems.  The  application  of  digital  computer  techniques demands 
stepwise  Integration  in  the  time  domain  and  most  often  leads  «*> 
long  oosputer  runs  if  reasonable  accuracies  are  required. 

This  discussion  begins  with  a  brief  survey  of  oonventloml  analog  and 
digital  techniques  for  treating  transient  field  problems  characterised  by  partial 
differential  equations;  several  hybrid  computer  methods  are  then  described. 

These  techniques  offer  acme  l^mtant  advantages  civar  eamen&lontl  methods  and 
Indicate  the  potentialities  of  ccaputers  lnvhich  analog  and  digital  hardware 
are  interconnected. 

Frcbelbly  the  teat  widely  occurring  partial  differential  equation  is 
Laplace's  equation:  •.  ■  ... 


a23 


where  A 2 .  is  the  Laplacian  operator,  vdiich  in  two  Cartesian  dimensions 
takes  the  fora 
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Equation  (1)  is  one  of  the  family  of  elliptic  partial  differential  equations, 
whoee  solutions  are  not  time-dependent. 

.  .  Hie  parabolic  partial  differenticl  equation 

«<*♦>  -  s§|  (3) 

occurs  in  the  study  €f  transient  heat  transfer,  the  flow  of  fluids  through 
porous  media,  and  a  wide  variety  of  diffusion  phenomena,  cr  and  S  are  field 
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parameters  ^hlclr  may  be  functions  of  time,  space,  cr  the  potential  function 
♦. 4  ?br  constant  parameters  and  In  one-space  dimension,  Equation  (3)  becomes 
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Fields  governed  by  Equation  (4)  are  usually  characterised  as  initio-value 
problems.  In  addition  to  the  partial  differential  equation,  the  specifications 
Include  an  initial  condition  f(x,0)  for  all  points  in  the  field,  at  t  «  0 
and  two  boundary  conditions  f,  (0,t)  and  f-(X,t)  applying  to  the  two 
extnesneties  of  the  field  for  t  >  0. 

:  ■  <0ther,  partial  differential  equations  that  are  of  frequent  Interest 
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governing  the  vibration  of  beams. 

In  order  to  treat  transient  field  problems  of  the  type  of  Equations 
(3)  to  (6)  by  electronic  differential  analyser  or  by  digital  techniques,  it 
is  essential  to  effect  a  transformation  to  reduce  the  rusher  of  independent 
variables.  This  is  accomplished  by  means  of  finite-difference  approximations 
in  which  a  contlnud&s  variable  such  as  x,  y,  z,  or  t  is  replaced  by  an 
array  of  discretely-spaced  points.  Solutions  are  then  obtained  for  these 
points,  and  interpolation  techniques  are  used  to  construct  continuous  equi- 
potential  or  streamlines.  Vtihen  an  independent  variable  is  discretized  In 
this  manner,  the  corresponding  partial  derivative  Is  replaced  by  an  approximate 
algebraic  expression,  m  ccqputer  terms,  this  means  that  the  operation  of  . 
integration  is  replaced  by  additions  and  subtractions. 

Consider  as  an  axaople  of  a  very  siqple  transient  field  problem, 
the  parabolic  equation  (b)e  This  equation  has  two  Independent  variables,  the 
epace  variable  x  and  the  time  variable  t.  In  applying  analog  methods, 
either  of  these  two  variables  can  be  kept  In  continuous  tom  or  discredited  by 
the  application  of  finite  difference  approximations.  There  exist  therefore 
ftur  basic  analog  approaches:  , 

1.  Cbhtinuous-  epace  continuous-time  (CSCT).  Both  the  time  variable 
and  the  space  variable  are  kept  In  continuous  farm. 


(BSCf ) .  .The  left  side  of 


Equation  (4) 


tixbsngsd. 


then 


the  right-side  remains 


3.  0antlrKSU8>space-diseret^te  (CSDT).  The  left  aide  of 


xrxs' 


Equation  (*l)  then  becomes  an  algebraic  expression,  while  the  right  side 
remains  unchanged. 

_ ...  -  >C“ 

si.  Uiscrete-HSpace-discrete-time  (DSOT).  Eoth  the  x  and  the  t 
variables  are  discretized  so  that  all  derivatives  in  Equation  (4)  become 
algebraic  expressions. 

If  a  digital  computer  is  to  be  employed,  only  the  DSDT  method  is 
feasible  slnce  no  continuous  variables  can  be  handled  digitally.  A  choice 
must  be  made,  however,  between  explicit  and  Implicit  Integration  formulas. 

Among  analog  methods,  the  DSCT  method  using  resistance-capacitance 

...  >.■ 

.  network  models  Is  the  most  important  and  widely-used  technique.  The  CSDT 
method  is  particularly  adapted  to  nonlinear  parabolic  equations  in  one  space 
.d*,BC^*U<h8?e  iterative  electronic  analog  conputers  can  be  used  to  advantage. 

®°®t  e«»ral  and  powerful  analog  simulation  method 
end  permits  the  use  of  resistance  networks  in  the  study  of  nonlinear  fields 


governed  Ijy  any  of  Equations  (1)  to  (6) . 
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INTRODUCTION 


The  word  cryogenic  is  generally  associated  with  very  low  temperatures 
ranging  from  the  liquid  air  level  downward  in  contrast  to  ordinary  refrig¬ 
eration  io_the  range  employed  for  food  storage,  air  condition4gug  and  the 
like.  Refrigeration  systems  for  both  high  and  low  levels  require  coropra*- 
sors  and  coolers  for  removing  the  heat  of  compression  and  possible  heat 
of  condensation.  They  also  require  expansion  devices  in  the  refrigerated 
rone  for  reducing  the  pressure.  The  equipment” for  low  level  refrigeration 
includes'  one  other  important  item,  the  counterflow  heat  exchanger.  This 
device  makes  possible  the  steady  flow  of  refrigerant  from  the  compressor 
which  must  operate  at  room  temperature  to  the  coldest  part  of  the  system 
and  back  again  with  minimal  loss  of  refrigeration.  The  heat  exchanger  is 
comprised  of  two  elongated  conduits  side  by  side  and  thermally  bonded  to 
each  other.  The  outgoing  cold  stream  flowing  in  one  channel  simply  picks 
up  the  thermal  energy  from  the  incoming  warm  stream  flowing  in  the  second 
channel. 

There  are  two  types  of  expansion  device,  one  of  them  a  simple  valve 
or  capillary  for  isenthalpic  expansion,  the  other  an  engine  in  which  the 
expanding  gas  does  useful  work  against  a  piston  or  the  blades  of  a  turbine 
In  this  case  the  expansion  is  essentially  isentropic. 

Some  of  the  thermodynamic  relations  needed  for  a  discussion  of  low- 
temperature  processes  are  given  below. 

Kelvin  or  absolute  scale  of  temperature  defined  by  the  relation 


in  which  q^  aod  q^  are  respectively  the  heat  received  and  the  heat  re¬ 
jected  by  a  reversible  engine  working  between  the  absolute  temperatures 
Tt  and  T^.  The  equation  applies  equally  well  to  reversible  heat  pumps. 

The  only  difference  is  in  the  direction  of  the  flow  of  work,  namely,  out 
of  the  engine,  into  the^pump.  The  magnitude  of  the  work,  of  course,  must 
be  equivalent  to  the  difference  between  the  two  heat  quantities. 

Enthalpy  is  defined  as  the  sum  of  the  .internal  energy  u  and  the  pres¬ 
sure-volume  product  pv,  h  *'u  +  pv.  Another  useful  relation  is  concerned 


with  the  change  of  enthslpy  with  temperature 

dh  -  c  dl  (3) 

_  P 

where  cp  is  the  specific  beet  at  constant  temperature. 

The  Joule -Thomson  coefficient  is  defined  by  the  equation 


The  First  Law  energy  equate  *  for  steady  flow  is 
!  **  m  k2~  \+Vx  (5) 

where  Q  is  the  flow  of  heat  and  the  flow  of  usable  work  respectively 
across  the  boundary  of  the  systea. 

Changes,  in  entropy  are  given  by  the  relation 

da  *  (6) 

i 

along  a  reversible  path. 

m mi 

1  Significant  events  in  the  development  of  apparatus  for  producing 
<and  abihtaining  very  low  temperatures.  Four  distinct  approaches  to  the 
ptdbllfa  were  made,  all  leading  to  important  developments. 

11.  IsenthaLpic  expansion  of  a  cojspressed  gas  possessing  e 
;.|  positive.  Joule-Thonson  effect  with  aid  of  counterflow  heat 
T  exchanger.  ' 

1895  Cerl  von  Linde  in  Germany  liquefied  eir  in 
quantity  in  a  continuous  process  for  tha 
firpt  time. 

1898  James  Dewar  in  England  ilquef led  hydrogen 
with' tha  aid  of  liquid  air.  The  Joule* 

Thomson  coefficient  of  hydrogen  is  negative 
et  room  temperature  but  becomes  positive  at 
lower  temperatures. 

1908  KamerlinghaaOmhes  in  tbs  Netherlands  lique¬ 
fied  helium  with  the  eld  of  liquid  hydrogin. 


Isentropic  expansion  of  compressed  gas  with  assistance 

of  a  counterflow  heat  exchanger. 

1838  “SO  Dr.  Johsv.Gorrie  of  Florida  devised  and 

built  an  ice -making  machine  in  which  the 
refrigerative.  effect  was  secured  by  an 
engine  working -on  compressed  air.  Gorrie'a 
systetiy.also  included  an  elementary  counter¬ 
flow  heat  exchanger. 

1897  -  1902  Georges  Claude,  French  inventor,  made  sub¬ 
stantial  improvements  in  Gorrie’s  system 
by  way  of  adapting  it  to  the  liquefaction 
of  air. 

1925  -  26  du  Pont  engineers  in  the  United  States 
used  compressed  hydrogen  as  the  working 
fluid  in  an  expansion  engine-heat  ex¬ 
changer  cycle  for  refrigeration  in  the 
60°  to  70°K  range  for  purifying  gases. 

1934  P.  Kapitza  in  England,  using  helium  as 

the  refrigerant  acd  with  the  aid  of  liquid 
air  and  a  Joule -Thomson  addendum,  liquefied 
helium. 

1946  S,  C.  Collins  developed  new  cycle  with 

multiple  expansion  engines  thermally 
staged.  Improved  engines  and  heat  ex¬ 
changers  for  greater  reliability  and 
ease  of  maintenance.  Precoolants  not 
required. 

1964  Collins  introduced  expansion  engine  with 

plunger-type  pistons  and  crosshead  with 
sealed  bearings. 
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Isentropic  expansion  of  compressed  gao  with  assistance  of  a 
th^mval  regenerator. 

1814  -  27  ^ev.  Robert  Stirling  of  Scotland  developed 
a  new  heat  engine  using  a  regenerator  for 
recovering  heat  that  might  otherwise  be 
wasted. 

1862  »  65  Alexander  Kirk  of  Scotland  converted 

Stirling's  heat  engine*  into  an  efficient 
heat  pump  by  reversing  it.  Although  in¬ 
tended  for  refrigeration  near  the  ice 
point,  Kirk's  machine  actually  achieved 
temperatures  below  -40°C. 

1954  KUhler  and  others  in  the  Netherlands 

Improved  Kirk's  machine  and  adapted  it 
first  for  the  liquefaction  of  air  and 
later  for  refrigeration  down  to  20°K. 

1959  W.  S.  Gifford  and  H.  0.  McMahon  modified 

the  Stirling  cycle  to  separate  the  com¬ 
pression  machinery  ftaa  the  regenerator 
and  expansion  device.  A  standard  type  of 
compressor  is  used.  The  refrigerating 
portion  is  compact,  small  in  weight  and 
adaptable  to  unusual  conditions. 

Free  expansion  of  highly-compressed  gas  from  a  flask  which 
has  been  precooled  to  the  lowest  available  temperature.  At 
any  time  during  the  "blow-down ’’  the  gas  remaining  in  the 
flask  will  have  expanded  reversibly  and  cooled  accordingly. 
Depending  upon  conditions  such  as  degree  of  precooling, 
initial  pressure,  beat  capacity  of  the  flask  and  identity 
of  gas  used,  a  fraction  of  the  gas  will  condense  within 
the  flask. 


✓ 


3l3  r 


1877 


Cailletet  in  France  obtained  a  mist,  of  liquid 
oxygen  when  he  released  the  pressure  in  a  vessel 
charged  with  oxygen  at  very  high  pressure  and 
at  an  initial  temperature  of  -40°C. 

1973  F.  E.  Simon  in  Germany  liquefied  helium  in 

useful  quantities  by  means  of  Cailletet's 
method.  Simon  used  liquid  and  solid  hydrogen 
as  the  precoolant.  At  the  start  of  the  expan¬ 
sion,  the  pressure  was  10Q  atm  and  the  tempera¬ 
ture  11°K.  A  large  yield  of  liquid  was  obtained. 

1967  Collins  liquefied  helium  by  cooling  the  vessel  with 

gas  discharged  from  an  expansion  engine.  The 
starting  pressure  and  temperature  were  100  atm 
and  19°K  respectively. 

DISCUSSION  OF  LOW  TEMPERATURE  CYCLES 
1.  Isenthalpic  Expansion 

The  primary  requirement  of  a?  refrigerant  to  be  used  in  this 
type  of  cycle  is  that  it  must  possess  a  positive  Joule-Thomson  coef¬ 
ficient  at  the  warm  end  of  the  counterflow  heat  exchanger.  Said  in 
another  way,  the  enthalpy  of  the  outgoing  low  pressure  gas  must  be 
greater  than  that  of  the  incoming  high  pressure  stream.  From  Equation  5 
above,  as  applied  to  the  heat  .exchanger-expansion  valve  system,  it  is 
seen  that  the  refrigerative  load  Q  is  equal  to  the  gain  in  enthalpy,  there 
being  no  useful  work  done. 

:  Figure  la  represents  diagraninatically  the  Linde  cycle  for  the 
liquefaction  of  air.  Since  the  J-T  coefficient  for  air  at  room  tempera¬ 
ture  is  small,  it  is  desirable  to  compress  to  150  to  200  atm.  At  300°K 
the  enthalpy  of  air  under  a  pressure  of  200  atm  is  less  than  that  at  1  atm 
by  8  cal/gram.  .Initially,  the  temperature  drop  at  the  valve  will  be 
approximately.  34°.  The  colder  gas  returning  through  the  heat  exchanger 
extracts  heat  from  the  incoming  high  pressure  air  so  that  the  latter 
arrives  at  the  valv^  at  a  progressively  lower  temperature  until  the  liquid 
phase  appears.  When  a  steady  state  has  been  attained,  a  fraction  of  the 


stream  drops  out  as  liquid.  In  this  instance  the  maximum  possible  value 
of  the  fraction  is  0.08.  The  final  temperature  drop  at  the  valve  is 
somewhat  more  than  90°.  It  is  characteristic  of  Joule-Thomson  heat  ex¬ 
changers  to  operate  with  relatively  high  AX's  at  the  cold^end.  This 
coupled  with  the  fact  that  because  of  partial  liquefaction  the  cold  stream 
is  deficient  in  mass  makes  it  easy  for  the  counterflow  teat  exchanger  to 
recover  nearly  all  of  the  available  refrigeration  possessed  by  the  out¬ 
going  stream. 

2.  Isentropic  Expansion 

In  an  isentropic  expansion  the  temperature  drop  resulting  from 
the  work  done  by  the  gas  is  usually  large  in  relation  to  the  Joule- 
Thomson  effect.  The  refrigerant  can,  therefore,  be  any  gas  that  is 
otherwise  acceptable. 

Gorrie's  ice  muchirae  of  1851  is  indicated  in  Figure  lb.  Because 
of  the  high  temperature  level  of  refrigeration,  it  was  more  appropriate 
to  place  the  counterflow  heat  exchanger  in  the  path  of  the  incoming 
water  which  was  to  be  frozen  rather  than  the  compressed  air.  Air  was 
used  as  the  refrigerant.  Gorrie's  expansion  engine  was  a  modified  steam 
engine . 

Figure  lc  is  a  flow  diagram  of  an  a.'r  liquefier  designed  and 
built  by  Claude  in  1902.  Note  that  the  heat  exchan^r  is  divided  into 
two  parts,  the  engine  receiving  a  large  fraction  of  the  compressed  air 
from  the  intermediate  zone  and  delivering  the  expanded  air  to  the  cold 
end  of  the  colder  section.  The  remaining  fraction  of  compressed  air, 
still  at  the  higher  pressure,  is  further  cooled  and  completely  condensed 
by  the  ac;ion  of  the  stream  of  expanded  air.  At  the  expansion  valve  V, 
the  pressure  drops  to  substantially  1  atm;  and  a  small  part  of  the 
liquid  flashes  into  vapor  which  joins  the  engine  exhaust  for  the  return 
trip  through  the  he?*  exchanger. 

In  an  earlier  model  ciaude  had  placed  his  engine  at  the  end  of 
the  heat  exchanger  with  the  intent  of  forming  liquid  in  the  engine  and 
separating  it  from  the  vapor  in  the  discharge  pipe.  The  yield  of  liquid 
was  very  low  because  of  the  irreversible  cooling  of  each  new  charge  of 
compressed  air'  by  the  film  of  liquid  on  the  cylinder  wall. 
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-The  schematic  diagram  of  Figure  Id  represents  Kapitza"'s  helium 
liquefier  of  1934.  In  addition  to  changing  the  working  fluid  from  air  to 
helium,  Kapitza  found  it  necessary  to  p re cool  with  liquid  air  or  nitrogen 
and  to  add  a  Joule -Thomson  exchanger  for  the  temperature  interval  10°  to 
4.2°.  Because  of  the  extraordinarily  narrow  pressure  and  temperature 
range  of  the  two-phase  region  of  helium,  the  overall  efficiency  is 
greater  when  a  fraction  (of  the  order  of  257.)  of  the  compressed  helium  is 
expanded  isenthalpically. 

In  the  cycle  shown  in  Figure  le  the  liquid  nitrogen  precooiing 
has  been  replaced  by  a  second  engine.  There  is  justification  for  having 
a  multiplicity  of  engines  thermally  staged  along  the  heat  exchanger  in 
that  the  principal  heat  load  in  a  helium  liquefier  arises  from  the 
specific  heat  of  the  gas  rather  than  the  latent  heat  of  condensation. 

One  liquefier  with  four  engines  has  been  successfully  operated. 

Figure  2  is  a  partial  sectional  view  of  the  helium  liquefier 
at  M.I.T.  It  is  of  interest  here  because  of  the  engine  pistons  and 
crosshead.  It  Is  the  first  engine  of  its  kind.  The  plunger-type  piston 
is  made  of  micarta.  One  end  of  the ‘piston  is  at  the  average  temperature 
of  the  working  helium,  about  60°K  for  orle  and  11°K  for  the  other;  and 
the  other  end  is  at  room  temperature.  Sealing  of  the  piston  Is  accom¬ 
plished  by  an  ‘'O'1  ring  at  the  warm  end.  All  of  the  moving  parts  of  the 
crankshaft  and  cross head  are  carried  by  sealed  ball  bearings. 

A  similar  liquefier,  recently  completed  at  Arthur  D.  Little, 

Inc.,  for  Brookhaven  is  shown  in  Figure  3.  This  machine  has  a  capacity 
of  60  l/hr  as  a  liquefier  or  a  refrigerative  output  of  245  watts  at  4.3°K. 

Apparatus  as  used  in  the  reversed  Stirling  cycles  is  shown  iu 
Figure  4..  Kirk's  machine  of  1862,  Figure  4a,  features  a  cylinder  within 
which  a  piston  C  and  ^regenerator-displacer  D  slide.  The  piston  is 
power  driven  through  a  definite  cycle  causing  the  pressure  to  rise  and 
fall  rythmically.  The  displacer  is  made  of  a  stack  of  woven  wire  disks, 
it  la  moved  up  £nd  down  with  the  same  frequency  as  the  piston  but  not 
in  phase  with  it.  When  the  piston  is  at  its  lowest  position  and  the 
pressure  is  at  maximum,  the  displacer  must  be  at  the  bottom  of  the 
cylinder.  The  temperature  of  the  gas  is  high  at  this  time,  and  heat  flows 
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out  fro::,  the  finned  area  near  the  middle  of  the  cylinder.  Before  the 
pistor.  moves  appreciably,  the  displacer  is  moved  quickly  to  a  position 
near  the  piston.  The  compressed  gas  charge  passes  through  the  porous 
displacer  to  fill  the  cavity  at  the  bottom  of  the  cylinder-"  Then  the 
piston  and  the  displacer  move  upward,  the  pressure  falls  to  its  minimum 
value  and  the  temperature  of  the  gas  falls.  The  displacer  is  then 
returnee  to  the  bottom.  The  gas  is  transferred  to  the  intermediate  space 
and  a  thermal  gradient  is  set  up  in  the  regenerator.  On  the  next  cycle 
the  compressed  gas  begins  its  expansion  at  a  lower  temperature,  and  the 
final  temperature  is  lower. 

Kohler  and  others  have  developed  an  elegant  small  air  liquefier 
based  on  this  principle.  By  adding  a  second  stage,  refrigeration  in  the 
20°K  range  has  been  achieved. 

Figure  4b  illustrates  the  modification  introduced  by  Gifford  and 
McMahon.  The  compressor  has  been  divorced  from  the  cooling  equipment. 
Mechanically-operated  valves  at  roan  temperature  expose  the  regenerator 
and  displacer  chambers  alternately  to  the  discharge  and  the  suction  pipes 
of  the  compressor. 

With  displacer  in  the  down  position,  the  system  is  pressurized. 
The  charge  of  gas  is  heated  appreciably  by  flow  work  during  filling.  The 
displacer  is  then  moved  to  its  uppermost  position.  This  action  causes 
the  gas  charge  to  flow  through  the  regenerator  in  which  it  is  cooled  to 
the  space  below  the  displacer.  The  pressure  is  then  relieved,  isentropic 
expansion  of  the  charge  takes  place;  and  the  temperature  falls.  After 
many  cycles,  a  steady  state  is  reached.  The  upper  end  of  the  regenerator 
will  be  above  room  temperature,  the  lower  end  will  be  very  cold. 

Figure  5  is  a  schematic  drawing  of  the  ADL  Cryodyne  Refrigerator 
which  is  based  on  the  Gif ford -McMahon  cycle.  In  addition  to  the  three 
stages  of  cooling  by  meanB  of  regenerators  and  displacers,  a  Joule - 
Thomson  loop  has  been  added  for  the  purpose  of  having  refrigeration  at 

the  liquid  helium  level.  The  heat  capacity  of  all  substances  falls  off 

! 

as  the  temperature  approaches  the  absolute  zero.  Regenerators  depend 
upon  the  heat  capacity  of  the  material  ttyjy  are  made  of  to  absorb  heat 
from  the  gas  being  cooled.  Below  12°K  regenerators  are  quite  ineffective. 


USES  OF 'LOW  TEMPERATURES 

The  value  of  liquefied  gases  in  basic  research  is  inestimable.  Liquid 
helium  itself  has  received  much  attention  from  many  of  our  ablest  physicists, 
but  the  environment  it  provides  for  the  study  of  the  properties  of  matter 
in  general  is  much  more  important.  The  current  usage  of  liquid  helium  for 
this  purpose  at  M.I.T.  is  approximately  6000  l/month. 

Liquid  nitrogen  snH  oxygen  in  commerce  have  become  one.  of  the  heavy 
industries.  Liquid  hydrogen  and  liquid  helium  have  achieved  a  place  of 
importance  in  space  technology. 

A  significant  number  of  helium  refrigerators  are  devoted  to  cryo- 
pumping  and  to  cooling  superconducting  magnets. 

Figure  6  is  a  photograph  of  a  coil  winding  apparatus  and  a  finished 
coil  of  finned  tubing  for  use  in  a  novel  heat  exchanger  for  the  recovery 
of  refrigeration  from  a  stream  of  helium  gas  at  about  12  mm  of  mercury 
pressure.  This  is  part  of  a  300  watt  refrigerator  for  1.85°K. 

The  physical  properties  of  many  substances  are  altered  at  very  low 
temperatures.  In  general,  matter  becomes  stronger  and  more  brittle. 

Figures  7,  8  and  9  illustrate  the  eff-ct  upon  stainless  steel. 

Electrical  resistance  of  conductors  decreases  and,  in  some  cases, 
becomes  zero. 
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PERCENT  ELONGATION 


DEFORMATION  AND  FRACTURE  OF  VISCO- ELASTIC 
MATERIALS  ‘ 

(23  May  1967) 
by 

A.  N  Gent 

Dr.  A.  N.  Gent  joined  the  British  (now  Natural)  Rubber  Producers'  Research  Association 
•iii  1949  as  Research  Physicist,  and  carried  cut  investigations  o£  the  mechanical  behavior 
o£  rubber  under  large  clastic  deformations,  under  vibratory  forces  and  under  extreme' 
temperature  conditions.  In  April  1961  he  took  up  a  dual  appointment  as  Research 
Associate  (now  Assistant  Directoi)  of  the  Institute  o£  Polymer  Science  and  Professor 
o£  Polymer  Physics  at  th^ University  c£  Akron,  where  he  and  his  students  are  investi¬ 
gating  a  wide  range  of  problems  in  the  mechanics  of  rubber  like  substances. 

1.  Introduction 

Elastomers  are  not  perfectly  elastic;  some  part  of  the  energy  spent  in  deforming 
them  i*  dissipated  due  to  a  variety  of  causes.  The  principal  energy- dissipating 
mechanisms  are:  '• 

(i)  Internal  friction  or  viscosity,  as  the  molecular  chains  rearrange  their 
positions  and  segments  of  them  slide  past  each  other. 

(ii)  Strain- induced  crystallization.  Under  the  orienting  influence  of  a 
deformation,  sufficiently  regular  molecules  may  form  microcrystalline 
assemblies.  Any  further  deformation  can  only  be  accomplished  by 
disrupting  the  crystallites. with  a  corresponding  dissipation  of  energy. 

(iii)  Structural  breakdown  of  a  filled  elastomer  (two-phase)  system.  Hard 
filler  particles,  generally  of  carbon  black,  stiffen  elastomers  in  two 
ways:  by  forming  long  associated  chains  of  particles  and  by  adhering 
strongly  to  the  molecules  in  contact  with  each  particle.  Both  of  these 
associations  are  destroyed  at  least  partially  by  a  deformation,  the 
particle  chains  at  quite  small  deformations  and  the  elastomer-particle 
bonds  at. large  ones. 

•"  '•••  ■  ... 
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The  dissipation  of  energy  internally  has  usually  been 
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regarded  as  a  serious  disadvantage  of  elastomers.  Recently, 
.however,  it  has  been  shown  to  be  responsible  for  the  resistance 
to  a  wide  variety  of  fracture  processes;  tensile  rupture, 
tearing,  surface  cracking  by  ozone,  and  abrasion -  These  find¬ 
ings  are  reviewed  here.  Also,  the  existence  of  unstable  states 
is  pointed  out,  at  Which  an.  elastic  deformation  becomes  inhomo¬ 
geneous  .  Small  regions  then  become  highly  deformed,  often  to 
the  point  of  rupture.  In  these  cases  the  criterion  for  frac¬ 
ture  is  an  elastic  one  involving  the  relations  between  applied 
loads  and  deformations. 

2.  Tensile  Rupture 

Strength  measurements  at  different  rates  of  elongation  e 
and  temperatures  T  are  found  to  depend  upon  a  single  variable 
am*,  where  i|  is  the  segmental  viscosity  (Smith,  1958).  vari¬ 
ations  with  temperature  are  thus  due  to  corresponding  viscosity 
changes*  Moreover,  the: master  curve  under  iso-viscous  condi¬ 
tions  has  the  form  expected  of  a  viscosity-controlled  quantity; 
it  rises  sharply  with  increased  rate  of  elongation  to  a  maximum 
value  at  high  rates  when  the  segments  do  not  move  and  the  ma¬ 
terial  breaks  as  a  brittle  glass  (Bueche,  1955),  The  breaking 
elongation  at  first  rises  with  increasing  rate  of  elongation, 
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reflecting  the  enhanced  strength,  and  then  falls  at  higher 
rates  a a  the  segments  become  unable  to  respond  sufficiently 
rapidly. 

An  alternative  measure  of  tensile  rupture  ia  the  work 
Wb  required  to  break  the  rubber  per  unit  volume.  It  varies 
with  the  rate  of  elongation  in  a  similar  manner  to  the  elon¬ 
gation  at  break,  passing  through  a  maximum  value  with  increas¬ 
ing  rate,  or  with  decreasing  temperature  at  a  constant  rate. 

The  variation,  closely  resembles  that  obtained  for  energy 
dissipation  under  small  deformations,  indicating  the  close 
parallel  between  energy  dissipation  and  energy  required  to 
rupture.  A  more  striking  demonstration  is  afforded  by  the 
recent  observation  of  Grosch,  Harwood  and  Payne  (1966)  that  a 
direct  relationship  exists  between  %  and  the  energy  dissipated 
in  stretching  to  the  breaking  elongation,  irrespective  of 
the  mechanism  of  energy  loss,  i.e.,  for  filled  and  unfilled, 
■train-crystallising  and  amorphous  elastomers .  Their  empirical 
relation  is 

»  4  *1  wjf*  , 

Wfc  and  being  measured  in  joules/cm3  •  Those  materials  which 
require  the  most  energy  to  bring  about  rupture,  i.e.,  the 
strongest  elastfeaers,  are  precisely  those  in  which  the  major 

■  ••  •  V.  •  ■  ;  *  • 

part  of  the  energy  is  dissipated  before  rupture. 


3 .  Tear  Strength 

.  -  '  >C~ 

It  is  important  to  recognize  that  the  tear  strength  T  is 
also  not  a  constant  value  for  a  particular  material;  it  depends 
strongly  upon  the  temperature  and  rate  of  tear,’  i.e*,  the  rate 

at  Which  material  is  deformed  to  rupture  at  the  tear  tip. 

Several  critical  values  of  £  may  be  distinguished.  The  smallest 
possible  value  is  given  by  the  surface  energy,  about  50  erg«/uma 
for  non-polar  hydrocarbons.  This  value  is  indeed  found  to 
govern  the  growth  of  surface  cracks  due  to  chemical  scission 
of  the  elastomer  molecules  (by  atmospheric  ozone),  when  the 
£  unction  of  the  applied  forces  is  merely  to  separate  molecules 
already  broken  (see  section  6).  Another  critical  value  of  £ 
is  that  necessary  to  break  all  the  molecules  crossing  a  random 
plane*  Shis  has  been  estimated  to  be  of  the  order  of  104  ergs/ 
cat*  for  typical  hydrocarbon  elastomers  (Thomas,  1966).  Measure¬ 
ments  of  the  minimum  value  of  2  necessary  to  cause  any  cut 
growth  by  mechanical  rupture  are  in  reasonable  agreement  with 
this,  value  (Lake  and  Lindley,  1965) • 

In  simple  tearing  measurements  the  observed  values  of  £ 

are  considerably  larger,  ranging  from  10*  to  10*  ergs/cm2. 

✓ 

.for  t^v  srbr-^sd  strength  is  mads  clear  by  consider¬ 
ing  the  prooess  by  which  the  energy  £  is  dissipated  at  the  tear 
tip.  Thomas  (1955)  has  .shown  that  £  can  be  expressed  in  terms 
of  the  effective  diameter  £  of  the  tip  of  the  tear  and  the 
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"intrinsic"  breaking  energy  Wv,  of  the  material  by  the 
approximate  relation 

T  =  d  Wfc  . 

Tho  "intrinsic"  breaking  energy  may  be  defined  &a  the  energy 
required  to  break  unit  volume  of  the  material  in  the  absence 
of  a  significant  nick  or  flaw*  It  will  be  generally  similar 
to,  but  larger  than,  the  value  of  determined  for  carefully 
prepared  tensile  test-pieces  in  which  Chance  edge  flaws  are 
minimized.  Both  Wfe  and  d  depend  upon  the  conditions  of  tear* 
However,  for  unfilled  non -crystallising  elastomers ,  d  remains 
•  small  (of  the  order  of  0*01  cm)  and  relatively  constant.  In 
these  cases  Green smith  (I960)  has  shown  that  £  is  proportional 
to  Wfc  and  changes  in  a  parallel  fashion  with  temperature  and 
rate  of  tearing  (rate  of  extension)  *  Mullins  (1959)  has  also 
shown  that  T  is  proportional  to  a  measure  of  the  viscous  stress 
component.  Thus  the  internal  viscosity  determines  tho  intrin¬ 
sic  breaking  energy  and  the  tear  resistance  for  suc?^  materials . 

She  effective  diameter  d  of  the  tip  of  a  growing  tear 

✓  ; 

depends  upon  the  elastic  and  viscous  properties  to  some 
(Sisat  snrt  s?cary -  .*v67?  so  that  the  tear  energy  £  shows  a 
plax  temperature  depend  ' is  still  got  hv  the 

internal  energy  dissipation,  however,  and  is  found  to  he  the 
same  for  elastomers  of  widely-dif f ereat  chemical  oompoeition 
under  oondltians  of  equal  segmental  mobility  (Mai line,  1959)  • 
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i  "In  strain “Crystallising  elastomers  (for  ejfeaple,  natural 

|  rubber)  the  tear  resistance  and  tensile  strength  are  greatly 

! 

enhanced.  Such  materials  show  mechanical  energy  dissipation 
as  discussed  in  the  Introduction,  and  their  strength  has  been 
accounted  for  in  this  way  (Andrews,  1963) .  Adding  reinforcing 
particulate  fillers  to  non -crystallising  elastomers  brings 
about  a  similar  strengthening .  This  effect  is  principally 
due  to  b  pronounced  change  in  the  character  of  the  tear  proc¬ 
ess,  from  relatively  smooth  tearing  in  unfilled  materials 
to  a  discontinuous  stick-slip  process,  in  which  the  tear  de¬ 
velops  laterally  or  even  .circles  around  under  increasing  force 
until  a  new  tear  breaks  ahead  and  the  tear  force  drops  abruptly « 
The  process  thin  repeats  itself.  Riis  form  of  tearing  has  been 
termed  Tmbtty"  tearing  (Greansmith,  1956). 

She  mechanism  of  tear  deviation  is  still  obscure,  it 
may  occur,  because  the  maximum  stresses  lie  off  the  tear  axis, 
due  to 

around,,  the  tear  tip  or  to  a  "f rosea"  stress  mechanism  proposed 
by  Andrews  (1963),  or  because  the  filled  materials  have  aniso¬ 
tropic  strength.  Pronounced  knotty  tearing  occurs  only  within 
a  limited  range  of  tear  rates  and  temperatures,  depending  upon 
the  particular  filler  and  elastomer  employed  (Oreensmith,  1956) . 
There  are  some  indications  that  this  effect  is  associated  with 
the.  viscoelastic  response  of  the  polymer,  but  the  conditions 
required  involve  much  higher  temperatures  and  lower  rates  of 
extension  than  the  main  rubber-to-glass  transition  region. 


4 .  Sliding  Friction 

Friction  is  naturally  associated  with  energy  dissipation T 
The  principal  mechanism  of  dissipation  again  turns  out  to  be 
energy  losses  within  the  elastomer,  but  the  connection  between 
the  coefficient  of  friction  j*  and  the  internal  viscosity,  for 
example,  1b  complex;  two  distinct  modes  of  deformation  having 
been  distinguished  (Qrosch,  1963) *  The  first  is  due  to  in¬ 
dentation  by  surface  asperities  on  the  track  and  the  second 
arises  from  molecular  adhesions  which  are  formed  and  broken 
during  sliding . 

On  a  lubricated  rough  track  the  value  of  £  increases  with 
increasing  sliding  velocity  and  then  passes  through  a  maximum. 
The  relation  Closely  resembles  the  dependence  of  the  energy 
absorption  per  deformation  cycle  upon  the  frequency  of  defor¬ 
mation  .  Indeed,  the  speed  of  sliding  at  which  &  has  a  maximum 
value,  divided  by  the  spacing  between  asperities,  corresponds 
accurately  to  the  frequency  of  deformation  at  which  the  energy 
dissipation  is  a  maximum  at  the  same  temperature*  The  deal- 

f 

nan!  role  of  energy  dissipation  in  lubricated  sliding  friction 
is  thus  established*  For  sliding  over  a  clean  smooth  surface 
the  relation  for  j*.  ia  found  to  be  similar,  but  displaced  to¬ 
ward  lower  velocities*  Xt  corresponds,  therefore,  to  ° asperi¬ 
ties"  of  mudh  closer  spacing  than  those  in  the  rough  surface. 


a**? 


£he  spacings  are  calculated  to  be  only  about  6oA,  by  comparing 
the  velocity  for  maximum  friction  with  the  frequency  for  maxi¬ 
mum  energy  absorption.  Thus,  friction  between  dry  smooth  sur¬ 
faces  is  associated  with  deformations  on  a  molecular  scale. 

It  has  therefore  been  attributed  to  transitory  molecular  ad¬ 
hesions  between  elastomer  and  track.  The  high  frictional  co¬ 
efficient  is,  however,  again  due  to  dissipation  of  energy  in 
the  rubber  as  it  undergoes  local  shearing  deformations  around 
the  temporary  bonds,  and  not  due  to  the  strength  of  the  bonds 
themselves  •  This  is  shown  by  the  characteristic  dependence 

on  speed  and  temperature. 

✓ 

j  On  dry  rough  surfaces  the  effects  of  both  surfaca  asperi¬ 
ties  and  molecular  adhesions  are  evident  in  the  master  relation 
for  ja  as  a  function  of  the  speed  of  sliding.  On  lubricated 
smooth  surfaces  both  deformation  processes  are  minimized  and 
the  coefficient  of  friction  is  correspondingly  small. 


**  3gSSg-PS£Jfe&  gliding 

M s  both  the  tear  resistance  and  the  tearing  (frictional) 
force  depend  upon  temperature  in  accord  with  viscosity- 
controlled  processes,  it  is  not  surprising  that  the  abrasive 
wear  as  "a  function  of  speed  of  sliding  should  do  so.  A 
suitable  measure  of  the  rate  of  wear  is  provided  by.  the  ratio 
A/p  of  the  volume  &  abraded  away  per  unit  normal  load  and  unit 
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sliding  distance  to  the  coefficient  of  friction  j*.  This 
ratio ,  termed  the  abradibility,  represents  the  abraded  volume 
per  unit  energy  dissipated  in  eliding. 

It  is  found  to  decrease  with  increasing  speed,  pass 
through  a  minimum  and  then  rise  again  at  high  speeds.  This 
behavior  resembles  the  variation  of  the  reciprocal  of  the 
breaking  energy  with  rata  of  deformation  (a  reciprocal 
relationship  because  high  abradibility  corresponds  to  low 
strength) *  Indeed,  Grosch  and  Schallaaach  (1965)  found  a 
general  parallel  between  A/t*  and  l/Wfe.  Moreover,  the  coeffi¬ 
cient  of  proportionality  was  found  to  be  similar,  about  10"s, 
for  all  the  unfilled  elastomers  examined.  This  coefficient 
represents  the  volume  of  rubber  abraded  away  by  unit  energy 
applied  frictlonally  to  a  material  for  which  unit  energy  per 
unit  volume  is  necessary  to  cause  tensile  rupture.  Xt  may  be 
regarded  as  a  measure  of  the  inefficiency  of  rupture  by  tangen¬ 
tial  surface  tractions;  large  volumes  are  deformed  but  only 
small  volumes  are  removed* 


*•  Resistance  to  Qsone_Cracklag 

In  an  atmosphere  containing  osone,  stretched  stripe  of 
unsaturated  elastomers  ^develop  surface  cracks .  Sbese'.cxmc&s 

grow  in  width  and  depth  and  .  either  sever  the  atrip  brcause  a 

i  \  '  '  r'"  ‘ 

serious  loss  bf  strength.  Prom  experiments  with  initial  cuts 


of  different  length  and  with  elastbmars  of  different  degrees 


2±> 


of  cros slinking,  and  hence  different  values  of  Young's  modulus, 

( 

Braden  and  Gent  (1960,  1961)  found  that  the  minimum  stresses 
for  cracking  to  occur  corresponded  to  a  critical  energy  re- 
qu lr@nent  of  about  50  ergs /cm2  of  new  surface.  This  suggests 
that  the  critical  condition  is  a  very  simple  one:  the  stored 
elastic  energy  must  be  sufficient  to  meet  the  surface  energy 
requlreaents *  The #fcritdcal  stresses  to  cause  cracking  in 
uncdt  teat-pieces  corresponded  to  cuts  about  1D“3ct  deep, 
using  the  same  energy  criterion*  Zt  was  therefore  deduced 
that  normal  ozone  cracks  start  from  surface  nicks  or  flaws 
equivalent  to  cuts  of  this  size. 

Provided  the  critical  stress  was  exceeded,  the  rate  of 
crack  growth  did  not  depend  significantly  upon  the  applied 
stress  over  a  wide  range  of  stresses.  However,  it  depended 
markedly  upon  temperature .  She  rates  of  growth  were  deter¬ 
mined  over  a  wide  temperature  range  for  a  series  of  butadiene- 
styrene  rubbers  containing  from  0  to  80  per  cent  styrene 
(Gent  and  McGrath,  1965)  •  When  plotted  against  the  tempera¬ 
ture  difference  T-Tq  between  the  test  temperature  and  the  glass 
temperature  for  eadh  material,  they  were  found  to  fora  a  single 


relation,  suggesting  that  the  segmental  mobility  is  the  pri¬ 
mary  factor  determining  the  rats  of  growth  of  ss  ozone  crack* 
The  Willi&Tiis,  Landel  and  Ferry  relation  for  the  segmental 
mobility  (Ferry,  1961)  was  found  to  describe  the  experimental 


results  well  at  low  temperatures .  At  higher  temperatures 
the  observed  rates  did  not  continue  to  increase  with  increas¬ 
ing  segmental  mobility  but  approached  a  constant  value.  This 
was  due  to  the  limited  concentration  of  o2ono;  the  incidence 
of  ozone  molecules  had  become  rate-determining,  rather  than 
the  segmental  mobility.  However,  over  a  temperature  range  up 
to  about  Tp  +  60°C  at  this  particular  ozone  concentration, 
the  rates  of  ozone  crack  growth  were  clearly  determined  by  the 
internal  viscosity  of  the  rubber,  rather  than  by  strictly 
chemical  factors .  This  is  apparently  due  to  the  need  for 

movement  c-f  the  rubber  molecules  in  and  near  the  crack  tip  to 
■  *  * 
yield  new  surfaces  for  reaction  (Gent  and  McGrath,  1965). 

7.  Elastic  Instabilities 

Novel  instabilities  can  occur  for  materials  capable  of 
undergoing  large  elastic  deformations*  For  example,  the  uni¬ 
form  inflation  of  a  long  rubber  tube  becomes  unstable  at  a 
critical  degree  of  inflation  and  the  tube  develops  a  pronounced 
“blister".  In  such  cases,  where  the  deformation  becomes  -mark¬ 
edly  non-unifora,  the  specimen  will  obviously  rupture  prema¬ 
turely.  For  materials  of  limited  extensibility  fracture  can 
therefore  be  calculated'  qualitatively  from  purely  elastic-^'-' 
considerations,  and  will  be  largely  independent  of  the  detailed 
fracture  properties  of  the  material .  She  cavitation  of  elastomers 
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under  a “negative  hydrostatic  pressure  (triaxial  tension)  is 

an  example  of  this  type  of  fracture.  Gent  and  Lindley  (1958) 

have  shown  experimerl tally  that  the  critical  stress  at  which 

cavitation  occurs  is  not  greatly  dependent  on  the  tensile 

strength  or  extensibility  of  the  elastomer.  Instead  it  is 

directly  proportional  to  the  elastomer  modulus.  Indeed,  quan- 

/ 

titative  agreement  was  obtained  with  the  calculated  stress  at 
which  the  elastic  expansion  of  a  hypothetical  small  hole  in 
the  elastomer  would  become  indefinitely  large. 
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Technical  speaking  can  be  defined  as  the  formal  oral  presentation  of 
purposeful  technical  information  to  an  audience  who  is  technically  knowledgeable 
to  some  degree,  or  at  least  interested  in  technical  matters.  In  any  communications 
system  there  are  three  principal  components:  a  sender,  a  communication  channel, 
and  a  receiver.  The  effectiveness  of  the  communications  system  depends  on  the 
effectiveness  or  the  quality  of  all  three  components:  the  sender  or  speaker  must 
analyze  the  audience  and  the  purpose  of  his  message,  and  he  must  carefully  select 
and  organize  the  material  he  transmits;  the  massage  must  be  transmitted  or 
:•  delivered  in  ways  that  the  audience  can  understand— often  the  channel  of  commun¬ 
ication,  words,  is  reinforced  by  many  kinds  of  audio-visual  aids;  and  the  receiver 


or  listener  must  have  all  of  its  communication  networks  open  and  alert.  These 


requirements  offer  a  considerable  challenge  to  any  technical  speaker,  and  if  all 
components  of  the  system  are  effective,  then  the  rece-iver  will  understand  the 
message  of  the  sender^ Often  there  is  desirable  feedback  from  a  receiver  who 
wants  additional  information  ,  Noise  is  anything  that  interferes  with  the 
sending  and  receiving  of  a  message,  for  example,!  the  use  of  words  or  visual  aids 
that  the  listener  does  not  understand.  TJte  sender  or  speaker  must  accept  the 
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following  responsibilities  to  insure  effective  oral  communication: 

(1)  analyze  the  audience  for  their  knowledge  and  interest  in  tit*  subject; 

(2)  determine  the  purpose  of  the  message;  (3)  carefully  select  and 
organize  the  material  for  easy  aural  and  visual  comprehension,  including 
audio-visual  aids;  and  (4)  practice  delivery  c£  the  material  to  help 
eliminate  unwanted  noise.  If  the  sender  performs  these  functions 
effectively,  the  reliability  of  any  communications  ~  ?tem  is  increased. 


The  speaker  must  first  analyze  the  audience  for  their  technical 

i 

knowledge  and  experience,  and  for  their  interest  in  the  subject  or  their 
need  to  know  the  material.  An  audience  listening  to  a  technical  presen ta- 

,  tion  may~consist  of  fdllow  specialists,  specialists  in  another  technical 

$ 

field,  or  decision  makers,  who  are  intelligent  but  urtinf orr~  id  about 

V 

*  • 

technical  matters,  ^speech  explaining  the  latest  developments  in  the 

manufacture  of  transistors  would  include  and  emphasize  different  data 

!  ’ 

for  audiences  of  reliability  engineers,  aeronautical  engineers,  and  system 

v 

managers.  The  speaker  must  also  remember  that  different  audiences  do 
not  always  want  to  know  or  need  to  know  the  same  information.  The  system 
manager  may  not  need  to  know  or  want  to  know  about  the  physics  of  trans¬ 
istors  ir  a  speech  describing  the  latest  developments  in  transistors. 
Audiences  may  also  differ. in  their  attitudes  toward  the  subject  and  the 
speaker,  and  in  their  fixed  beliefs.  An  electrical  engineer  may  be  unsym¬ 
pathetic  toward  psychologists'  or  motivation  research— unless  its 
importance  to  his  field  can  be  demoastxatied.  If  a  speaker  first  analyzes 
his  audience  for  their  technical  knowledge  and  interests,  he  can  better 
select  and  present  meaningful  information. 

2t>0 


Secondly,  a  speaker  must  determine  the  purpose  of  his  presentation. 
A  decision  as  to  the  exact  purpose  of  the  technical  talk  helps  the  speaker 
to  select  and  to  organize  the  data  so  that  it  fulfills  his  communication 

_ - .  "1  vi" 

objective.  The  general  communication  objective  may  be  to  inform,  to 

convince,  or  both.  After  the  general  objective  has  been  decided,  the 
specific  objective  must  be  decided  and  written  down  to  guide  the  speaker. 
A  purpose  statement  is  to  the  speaker  preparing  a  speech  as  the  North 
Star  is  to  a  celestial  navigator;  it  helps  give  him  his  bearing  and  keeps 
him  on  course.  A  speech  on  the  new  design  of  a  wing  configuration  might 
be  (a)  to  explain  why  and  how  the  wing  was  designed;  or  (b)  why  the  wing 


configuration  must  be  used  in  all  future  fighter  aircraft;  or  (c)  both  (a)  and  (b), 
that  isV  both  informative  and  persuasive.  Until  a  speaker  has  decided  his 


exact  purpose,  he  cannot  properly  select  significant,  relevant  information. 

Next  the  speaker  must  carefuUy  select  and  organise  information  which 
suits  M*  audience  and  lus  purjpose— and  the  time  limits  imposed.  He  may 


elect  to  use  several  audio-visual  aids  td  help  him  send  his  oral  message. 

The  information  should  be  organized  into  a  sentence  outline.  A  sentence 
outline  forces  the  speaker  to  be  concrete,  and  it  helps  him  to  arrange  his 
ideas  logically,  clearly,  concisely  an$  emphatically.  The  outline  also  enables 
the  speaker  to  check  the  selection  and  Organization  of  the  information 
against  ids  stated  purpose.  Later  the  outline  can  be  put  on  3  x  5  cards  for 
easy  handling  in  delivering  the  speech  extemporaneously,  or  the  outline  can 


be  expanded  into  a  complete  written  manuscript.  Writing  out  a  speech, 
lirKetfcer  later  delivered l^om'>’niuumscxipt  or  hot,  allows  the  speaker  the 


advantage  of  seeing  the  whole  relationship  and  development  of  the  ideas. 


Every  speech  has  three  vital  sections;  an  introduction  to  prepare  the 
listener  for  the  topic;  a  body  to  develop  the  topic;  and  a  closing  to  recall 
important  points.  Specifically,  the  function  of  an  introduction  is  to 
state  the  subject  and  purpose  of  the  talk;  to  state  the  scope  of  the  talk, 
that  is,  what  will  be  covered  and  what  will  not  be  covered;  to  state  how 
the  talk  is  organized — its  plan  of  development;  and  to  state  the  importance 
and  application  of  the  information  (a  motivating  device).  The  specific 
function  of  the  body  of  the  speech  is  to  develop,  clarify,  and  emphasize 
principal  points;  and  the  specific  function  of  the  closing  is  to  summarize 
important  information,  state  conclusions  reached  about  the  data,  or  offer 
recommendations  or  solutions. 

In  organizing  and  developing  the  data  in  the  body  of  the  speech, 
several  rhetorical  devices  can  be  used  to  help  make  the  message  clear; 

(1)  repetition  of  important  points,  preferably  in  varied  ways;  (2)  trans¬ 
itions  which  summarize  long  sections  of  statistics,  formulas,  raw 
material,  or  material  new  to  the  audience,  and  transitions  which  set 
the  stage  for  the  next  important  point  to  be  covered;  (3)  definition 
and  description  of  special  or  unfamiliar  terms,  mechanisms,  and 
processes;  (4)  comparison  and  contrast  between  the  new  and  the  old  or 
between  the  abstract  and  the  concrete;  (5)  examples  and  illustrations 
of  abstract  or  new  ideas.  : 

Audio-visual  aids  such  as  charts,  blackboards,  slides,  vu- graphs, 
handouts,  films,  models,  and  tapes  offer  the  speaker  a  valuable  means 
of  presenting  figures  and  equations,  showing  relationships,  illustrating 
forms  and  shapes,  and  reinforcing  lists  and  conclusions.  Eighty-five 
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per  cent  of  our  learning  ^c£nes  through  the  eyes,  and  eye  learning  is 
35%  faster.  There  is  55^  fetetter  retention  of  "ye- learned  data.  Aids 
should  be  limited  in  number,  relevant  to  the  topic,  and  necessary  to 
understanding  (not  a  parade  of  unnecessary  props  competing  with  the 
speaker  for  the  attention  of  the  audience);  easy  to  comprehend  (simple 
in  form,  stripped  to  essentials,  with  adequate  labels);  limited  to  one 
idea  per  display;  pictorial  rather  than  verbal  or  statistical  whenever 
possible;  presented  precisely  at  the  moment  needed  (because  earlier 
distracting  and  later  ineffective),  and  removed  immediately  after 
discussion  to  prevent  distracting  competition  with  the  speaker;  visible 
to  everyone;  and  thoroughly  discussed  by  the  speaker. 

Lastly,  the  speaker  must  practice,  practice,  practice  the  delivery 
of  his  oral  information  and  the  use  of  his  audio-visual  aids.  If  the 


speaker  is  thoroughly  familiar  and  at  ease  with  his  topic,  he  should  try 
to  deliver  his  speech  extemporaneously,  that  is,  from  3x5  note  cards. 
Extemporaneous  delivery  allows  for  naturalness,  spontaneity,  and 
audiahee^  contact  or  feedback.  Repeated  practice  of  the  speech  and 
the  use  of  note  cards  usually  gives  the  speaker  the  confidence  he  needs. 
'Speeches  should  hot  be  memorized  word  for  word— if  the  speaker  forgets 
a  line,  all  "may  be  lostl  If  the  situation  demands  the  immediate  and 
precise- understanding  of ‘information  (e.g.;  a  briefing  oh  how  to  unload 
a  fuel  tank),  the  speaker  may  elect  to  read  from  a  carefully  prepared 
maiiras^pt.  He  should  read  slowly,  carefully,  and  audibly,  pausing 
before  and  after  important  points,  stressing  important  words,  and 
looking  up  at  his  audience  whenever  possible.  If  he  is  writing  the 


manuscript  himself,  he  must  remember  that  he  is  writing  a  paper 
for  a  listener  and  not  a  reader;  hence  he  must  repeat  principal  ideas 
“in  several  different  ways.  In  most  technical  speaking  4i1n»tions, 
however,  except  the  most  formal  or  profession,  extemporaneous 
delivery  seems  to  be  preferred  by  most  audiences.  The  extemporaneous 
talk  must  be  practiced  several  times  aloud  to  avoid  memorizing  and  to 
check  on  timing  and  sc  ^  of  voice.  Dry  running  the  speech  before  a 
friend  who  matches  the  audience  profile  not  only  gives  the  speaker 
confidence,  but  it  also  gives  him  the  opportunity  to  revise  openings, 
closings,  order  of  presentation,  use  of  graphic  aids,  selection  of  data, 
and  word  choice.  Words  should  be  simple  but  accurate.  The  accuracy 

of  technical  terms  must  not  be  sacrificed,  but  new  or  difficult  terms 
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can  be  defined.  At  all  costs  the  speaker  must  avoid  technical  shop  talk 
or  jargon  which  is  familiar  to  one  technical  group  but  unfamiliar  to 
another  group.  Eighty  percent  of  the  words  in  technical  communication 
are  found  in  the  vocabulary  c£  our  everyday  life;  15%  are  found  in  the 
vocabulary  of  any  technic*!  prrar  and  oily  5%  are  found  in  the  vocabulary 
of  a  specialized  teciducaV  parson.  There  seems  little  need  to  exceed 
this  ratio  or  technical  terms  in  moat  presentations.  The  voice  should 
be  conversational*  and  gestures,  posture,  and  mannerisms  as  natural 
as  possible.  Nervousness  before  and  during  a  speech  is  natural.  It  can 
be  alleviated  by  reading  the  opening  or  closing,  by  thoroughly  knowing  and 
preparing  the  topic,  and  by  practicing  the  speech.  ■ 

If  the  speaker  accepts  his  responsibilities  of  (1)  analyzing  the 
audience  for  their  knowledge  and  interest  in  the  subject;  (2)  determining 
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the  purpose  o£  the  talk;  (3)  carefully  selecting  and  organizing  the 

material  for  easy  aural  and  visual  comprehension;  and  (4)  practicing 

-  ^ 
the  delivery  of  the  talk,  then  he  will  have  done  his  part  in  guarantee¬ 
ing  successful  communication.  Little  has  been  said  in  this  presentation 
about  th$  responsibilities  of  the  listener,  but  if  the  sender  does  his 
job  well,  the  receiver  will  be  motivated  to  keep  all  of  his  networks 
open  and  alert. 
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INTRODUCTION 

Frequency  modulation  lias  been  widely  used  for  transmission  and  storage  of  data 
because  of  four  principal  advantages:  \ 

v.  V"'XV 

1 .  DC  response  witli  an  AC  system 

2.  Signal  amplitude  variations  cause  a  secondary  effect  \ 

3.  Ability  to  trade  data  bandwidth  for  accuracy  and  signal-tc-noise  performance 

4.  Computability  with  tape  recording  techniques 

The  FM/FM  technique  using  proportional  bandwidth  subcarrier  channels  was 
standardized  for  data  transmission  by  the  Research  and  Development  Board  in 
1948.  Essentially  the  same  system  has  been  continued  as  the  IR1G  standard 
system .  The  principal  change  has  been  the  addition  of  constant  bandwidth  sub¬ 
carrier  channels  in  the  1966  revision. 


THEORY 


A  sinusoidal  carrier  tliat  is  frequency  modulated  by  a  single  frequency  signal 
may  be  expressed  as 

S  =>  sin  (eo^  +  ——  sin  u,t) 

where:  COq  -  frequency  of  unmodulated  carrier. 

A  CD  =  peak  frequency  deviation  of  carrier  due  to  the  modulating  signal  . 
COrn.  -  frequency  of  the  modulating  signal. 


The  above  expression  may  be  rewritten  in  terms  of  the  carrier  and  sideband 
frequencies  as 

S  ^  Jt(M ) (sin (o>,  ■+■  ktu)t  ■+■  (  — l)*sin(««  —  fau.yj 

where:  M  -  a  OJ/CJr\  =  modulation  index. 

Jk  (M)  =  veJ.uc  of  the  Bessel  function  of  the  first  kind  and  Ath 
order  with  argument  Jt, 

This  equation  shows  that  in  theory  the  bandwidth  of  a  frequency  modulated  signal 
extends  without  limit. 

Furthermore,  any  phase  or  amplitude  change  of  the  sidebands  relative  to  the 
carrier  should  cause  an  error  in  the  demodulated  signal.  In  practice  symmetrical 
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attenuation,  of  the  sidebands  cduses  a  reduction  of  demodulated  signal  amplitude 
but  very  little  harmonic  distortion.  Conversely  die  phase  relations  of  die  side- 


out  very  tittle  Harmonic  distortion,  conversely  the  phase  relations  ol  the  side¬ 
bands  and  carrier  are  extreiraily  critical  in  regard  to  harmonic  distortion. 

Thus  Unrfihers  in  the  frequency  modulated  portion  of  die  systcm&u'c  a  practical 
compromise  between  narrowband -filter  widi  steep  sided  response  which  improves 
interference  rejection  and  signal-to-noi.se  response  and  broadband  filter  with 
constant  time  delay  which  improves  data  accuracy.  The  constant  time  delay  is 
also  a  prime  requirement  for  effective  tape  speed  error  conipensa:,  The 
result  is  diat  die  most  critical  filters,  die  receiver  IF  and  discrim  hi  >. tor  input 
filter,  should  be  state-of-the-art  filters. 


MULTIPLE  FREQUENCY  MODULATION 

The  expression  for  a  sinusoidal  carrier  diat  is  frequency  modulated  by  sinusoidal 
signals  may  be  written  as 


5  =  ^in  -f  2  if,  sin  f  8„) 


where:  CO  ^  =  Adi  modulating  frequency. 

Hk  =  m  odulation  index  of  dieAth  modulating  frequency. 

Bk  -  phase  angle  of  Adi  modulating  frequency. 

The  above  expression  may  be  written  in  terms  of  Bessel  functions  as 

® — t  s  _  [n  ®'n  [wo*  +  f  ^*)j 

This  expression  shows  diat  die  sideband  spectrum  contains  sidebands  separated  • 
from  the  center  frequency  by  the  modulating  frequencies,  dieir  harmonics  and 
the  sum  and  difference  frequencies  of  die  modulating  frequencies  and  dieir 
harmonics. 

This  is  shown  more  clearly  in  die  case  of  two  modulating  frequencies  widi  zero 
phase  angle.  The  general  expression  reduces  to 

5-1  L  J  *,&*)]  X  I  £  «n  («o  F  *,0>,  f  *,<»,)< 

1.1.--—  l  u.-—  J 

SQUAREWAVE  MODULATION 

Scun rewave  modulation  is  commonly  encountered  widi  PCM,  PAM  and  PDM 
signals.  A  convenient  technique  is  to  consider  the  modulated  signal  as  the  sum 
of  two  100%  squarewave  amplitude  modulated  signals.  The  expression  may  dien 
be  written  as 


&  *  cot  6)0,t  *  2  ^1T  nit  Ti  lC?ot~  cot  [CJ0>  ♦  ■»&;»)*] 

♦  cot  CJo  t  -  X  [eot(fi?o  cot  {C30  ♦  ■«©*)*] 

mmi  *  • 
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where:  C0ol  =  carrier  frequency  at  one  side  of  the  squarewave. 

CO oa  =  carrier  frequency  at  (Jie  odier  side  of  die  squarewave. 

_ _  CO a  =  fundamental  frequency  of  Lhe  squarewave.  - 

SINGLE  FREQUENCY  INTE  RFERENGE 

'Die  output  of  an  FiVi  detector  with  two  input  signals  may  be  expressed  as 

£-  K„{(0, ,  -  0J„  +  (&>„  -  COR  (0>d  —  0>,)t 

i-lJ  coa  —  Wi )t  ■+■  A3  cos  3 (w4  —  w()i  .  .  .]} 

wiiere:  A  -  ratio  of  die  amplitude  of  die  smaller  signal  to  die  larger  signal 
Ko  -  gain  constant  of  die  FM  detector. 

COs  -  zttto  output  frequency  of  the  FM  detector . 

COd  =  frequency  of  die  input  signal  widi  die  larger  amplitude. 

COi  =  frequency  of  die  input  signal  widi  the  smaller  amplitude . 

The  derivation  of  this  expression  assumes  a  perfect  limiter  before  the  detector 
and  also  assumes  diat  the  detector  output  is  affected  by  die  signal  diroughout 
the  entire  cycle  of  signal . 

There  are  dirue  important  aspects  of  die  interference  equation: 

1 .  The  amplitude  of  the  interference  at  the  ouqiut  of  the  detector  is  prop¬ 
ortional  to  die  frequency  difference  between  the  two  signals. 

2.  If  A  is  considerably  less  dian  one.  die  interference  frequency  is 
essentially  equal  to  die  frequency  difference  between  die  two  input 
signals. 

3  .  If  A  is  considerably  less  dian  one,  the  amplitude  of  die  interference 
is  proportional  to  die  amplitude  of  die  interfering  signal. 

A  simplified  form  of  die  interference  equation  is  very  useful  because  it  gives  a 
close  approximation  of  die  worse  case  interference  condition.  H  the  DC  term 
GJd  -  Cjn  is  neglected  and  A  is  considerably  less  dian  cne  die  result  is 

e  =  Kn(ua  —  o>t)A  cos  (w<  —  wt)f 

The  output  filter  of  the  demodulator  attenuates  the  interference  beat  frequency, 

CO  J  -  (XK.  if  this  frequency  is  greater  than  die  cutoff  frequency,  dius  the  worse 
case  interference  occurs  when  die  difference  frequency  is  approximately  die  3  db 
frequency  of  die  output  filter.  The  peak  output  of  die  demodulator  due  to  the 
interference  may  then  be  written 


where:  a  CJ,-  -  full-scale  output  due  to  frequency  change  of. 

1>  -  A Cdp/Cdc  ~  deviation  ratio  of  the  channel. 

This  result  must  be  modified  to  include  die  effect  of  the  filters  in  the  system. 

- -  'C* 

HARMONICALLY  RELATED  INTERFERENCE 

Classical  Euerference  theory  does  not  completely  account  tor  interference 
because  of  die  assumption  dial  die  detector  output  is  affected  by  die  signal 
throughout  die  entire  cycle  of  the  signal.  This  assumption  is  not  valid  after 
the  signal  has  been  lirttited.  Therefore  it  is  possible  to  have  low  frequency 
beats  caused  by  interfering  signals  which  are  nearly  harmonically  related  to 
tiie  desired  signal.  This  effect  is  negligible  in  practical  data  systems  due  to 
the  filters  in  the  systems. 

SIGNAL-TO-NOISE  PERFORMANCE 

FM 


The  generalized  expression  for  FM  signal-to-noise  performance  is 


where:  S/J\fjovr 
S/a/  |  tn 

A 

CJm 

CJc 

CJJ 


=  rms  signal-to-noise  ratio  at  die  output  of  an  FM  de¬ 
modulator  with  an  output  bandwiddi 
-  rms  signal-to-noise  ratio  at  die  input  to  the  demodulator 
after  an  input  filter  widi  a  noise  bandwidth. 

=  peak  frequency  deviation. 

=  input  filter  noise  bandwidth. 

=  upper  noise  cutoff  frequency  of  output  filter. 

=  lower  noise  cutoff  frequency  of  output  filter. 


In  many  data  systems  the  (0,„  '  2  6  CO,, and  CJ *•  ■  0.  Thus  die  generalized 
expression  reduces  to 

Tliose  expressions  are  valid  if  the  input  signal-to-noise  ratio  is  greater  than 
approximately  9  db.  Below  this  direshold  level  die  output  signal-to-noise  ratio 
decreases  very  rapidly. 


FM/FM 


A  useful  approximation  to  the  generalized  signal-to-noise  equation  for  operation 
above  direshold  is 


SjN\,  r-.  S/Nl  x 


iUn 
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where:  SfN\i 
S/hJ\c 

CJs 
A  Cc*  <i 

Ur,  r 

{jj 


=  rms  subcarrier  signal-to-noise  ratio  at  the  output  of  the 
input  filter  of  the  subcarrier  discriminator. 

=  rms  carrier  signal-to-noise  ratio  measured  at  the  output 
of  the  receiver  IF  filter. 

=  centc-r  frequency  of  subcarrier. 

=  peak  carrier  deviation  due  to  the  individual  subcarrier. 

=  effective  noise  bandwidth  of  subcarrier  discriminator 
bandpass  input  filter  . 

=  effective  noise  bandwidth  of  receiver  IF  filter. 


Combining  Litis  wit!:  the  previous  expression  for  subcarrier  signal-to-noise 
performance  yields 

=  s/Nu  x  x 

a>,  V2 cotKJ 


PAM/FM 


Extension  of  die  basic  FM  signal-to-noise  equation  to  include  an  instanteous 
sampler  and  interpolation  filter  yields 


where:  (*Jf  =  frame  rate, 

CJd  =  noise  bandwidth  of  interpolation  filter . 


FM  SYSTEM  ANALYSIS 

Tlie  System  accuracy  is  suprisingiy  difficult  to  define.  The  more  commonly 
used  definitions  are  based  on  rms,  average  or  peak  error.  Regardless  of  the 
definition  ol'  error  it  is  necessary  to  combine  the  errors  due  to  the  various 
parts  of  the  system  in  some  manner.  Careful  consideration  must  be  given  to 
the  system  conditions  that  cause  the  errors  because  many  of  the  errors  axe 
interrelated. 


There  is  little  tedmicul  justification  for  the  use  of  any  particular  definition  of 
error  or  the  type  of  data  signal  for  which  the  error  is  defined.  However,  from 
an  analytical  viewpoint  about  the  only  feasible  data  signal  is  sinusoidal  and  the 
only  justifiable  error  definition  is  peak  error.  As  a  practical  matter  this  approach 
can  yield  a  worse-case  error  and  thus  represent  a  bound  on  system  accuracy. 


TYPES  01-  FM  DATA  SYSTEMS  AND  A  CUMULATIVE  LIST  OF  SOURCES  OF  ERROR 


System  Description 

I  Single  channel  FM  system  consisting  of 
a  modulator  without  an  output  filter  and 
a  demodulator  with  an  output  filter  but 
without  an  input  filter. 


II  Multiple  channel  FM  system  with  each 
channel  consisting  of  a  modulator  with 
an  output  filter  and  a  demodulator  with 
an  input  and  output  filter .  There  is 
also  a  mixer  amplifier  in  the  multiplex 
path. 


Ill  System  II  with  a  tape  recording  and 
playback  system. 


IV  System  III  with  constant  bandwidth 
channels  requiring  translation  and 
detranslation. 


V  System  II  and  System  IV  with  a 
frequency  modulated  rf  link. 
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]  Cumulative  Sources  of  Error 

i 

1.  Modulator  and  demodulator  aero  drill. 

2.  Modulator  an^-demodulator  sensitivity 
changes . 

3.  Modulator  and  demodulator  nonline  untie 

4.  Modulator  data  feed-through . 

5.  Carrier  feed-through  in  demodulator . 

,  6.  Demodulator  output  filter. 

i 

1 - - - 

!  7.  Modulator  output  filter. 

i  8.  Demodulator  input  filter. 

i  9.  Nonlinearities  in  the  multiplex  path. 

!  10.  Crosstalk  due  to  modulation  feed¬ 
through  from  other  channels, 
i '  CrosstaLk  due  to  interference  from 
the  sidebands  of  other  channels. 

12.  Crosstalk  due  to  harmonics  of  the 
:  modulator  outnut. 

i _  .  _ •  _ 

I  13.  Additional,  nonlinearities  in  the 
|  multiplex  path. 

14.  Tape  recorder  noise. 

!  15.  Tape  speed  errors. 

,  16.  Tape  dropouts. 

17.  Tape  recorder  frequency  response, 
i  18.  Beat  frequencies  due  to  the  bias 
signal  of  the  tape  recorder. 

4 - — - - - 

•  19.  Filters  in  the  translators  and 
dotranslators. 

20.  Image  frequencies  response  of  the 
detranslator . 

;  21.  Drift  of  translation  and  detranslation 
i  reference  frequencies. 

;  22.  Beat  frequencies  due  to  imperfections 
j  of  mixer  circuits  in  the  translators 

and  detranslators . 


!  23 .  Additional  nonlinearitics  in  the 
multiplex  path. 

24.  Transmitter  filters. 

!  25.  Receiver  filters. 

|  26.  Noise  in  the  rf  link  and  receiver. 

I  27 .  Frequency  modulation  of  the  trans- 
!  mitter  due  to  its  environment. 


.With  modern  telemetry  equ  nent  operating  within  specifications  there  are  a  few 
key  sources  of  error  that  provide  considerable  information  about  system  accuracy. 

Zero  signal  or  dc  accuracy  is  primarily  determined  by  the  airborne  VCO.  The 
oscillator  temperature  stability  is  typically  ±1.5%  and  othe?  environmental  conditions 
reasonably  add  ±1.0%.  Calibration  just  prior  to  and  during  flight  can  greatly  reduce 
this  error. 

Harmonic  distortion  of  the  data  should  be  primarily  due  to  the  discriminator  input 
filter  and  should  be  less  than  0.3%  for  a  deviation  ratio  of  5  and  1.2%  for  a  deviation 
ratio  of  2.  The  data  distortion  due  to  the  VCO  output  filter  is  seldom  specified  but 
should  be  checked  carefully  because  the  filter  is  typically  non-symmetrical. 

Data  amplitude  error  is  primarily  caused  by  airborne  VCO  sensitivity  error  and 
the  discriminator  output  filter,  input  filter  and  phase-locked  loop  detector.  The 
VCO  deviation  sensitivity  stability  is  seldom  specified  but  may  easily  change  0.5%. 

The  discriminator  output  filter  obviously  causes  a  data  amplitude  error  which  may 
be  30%  due  to  its  amplitude  response.  The  discriminator  bandpass  input  filter 
causes  a  data  amplitude  error  due  to  attenuation  of  the  FM  sidebands.  This  error 
may  be  calculated  to  good  accuracy  for  symmetrical  deviation  by  where 

K  is  the  attenuation  of  the  filter  at  the  peak  deviation  under  consideration  and 
is  the  modulation  index.  The  response  of  a  typical  wideband  phase-locked  loop  at 
the  cutoff  frequency  will  rise  approximately  0.2  db  for  D  =  5  and  1.4  db  for 
O  =  2.  This  increase  in  amplitude  response  may  be  partially  compensated  by 
the  output  filter  response. 

Crosstalk  in  a  well  designed  multichannel  system  is  almost  entirely  due  to  equipment 
imperfections.  The  VCO  output  distortion  specification  is  typical  1%.  This  distortion 
can  cause  an  error  of  1%/  without  pre-emphasis.  Mixer  amplifier,  transmitter 
and  receiver  nonlinearities  can  cause  beat  notes  at  die  sum  and  difference  frequencies 
of  the  subcarriers  and  their  harmonics.  Typically  these  units  are  linear  to  within 
1%  and  the  resultant  amplitude  of  the  beat  frequencies  are  not  troublesome  for 
deviation  ratio  of  greater  dian  four.  However,  care  should  be  taken  that  linearity 
is  properly  defined.  The  receiver  IF  filters  are  another  source  of  crosstalk  due 
to  the  subcarrier  distortion  created  by  phase  non-linearities  across  the  passband. 

This  aspect  of  receiver  performance  is  seldom  specified  in  sufficient  detail  to  be 
useful.  Tape  recorder  performance  is  necessarily  a  compromise  between  signal- 
to-noise  and  linearity.  The  optimum  record  is>  ^  is  not  specified  or  indicated  in 
sufficient  detail  to  be  useful.  The  problem  is  further  compounded  by  recording 
subcarrier  multiplexes  without  de-emphasis . 

FUTURE  FM  SYSTEMS 

Improvements  in  FM  systems  are  primarily  dependent  upon  improvement  of  the 
system  components.  Recent  development  work  points  to  improvement  in  the 
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following  areas: 


1.  Airborne  VCO  temperature  stability,  ±1/2%  from  -20°  to  +85°. 

2.  improved  VCO  output  filters;  permits  spacing  channels  as  close  a:;  four 
times  the  data  frequency  at  a  deviation  ratio  of  one. 

3.  Improved  transmitter  linearity;  permits  with  rf  links  operation  a:,  w- 
deviation  ratio  without  excessive  crosstalk. 

4.  Improved  receiver  filters  and  detector  linearity;  permits  operation  wi-h 
rf  links  at  lower  deviation  ratios  without  excessive  crosstalk. 

5.  Improved  subcarrier  discriminator  input  filters;  permits  operation  at 
lower  deviation  ratios  and  closer  cliannel  spacings. 

b.  Improved  phase-locked- loop  detectors;  reduces  FM  threshold  sig  !  to¬ 
rtoise  level. 
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!  EY,  WAIT  FOR  ME;  I'M  YOUR  LEADER 
(20  June  1967) 

•£- 
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A  very  prevalent  and  pervasive  image  of  what  a  "good  leader"  is  in  business 
and  industry  evokes  the  characteristics  of: 

-  forceful 
••  strong 
-decisive 
-initiating 

-  self-sufficient,  and 

-  "in  control" 

We  all  have  succumbed  -  perhaps  still  do  -  to  such  an  image. 

Our  folklore  in  industry,  our  learned  articles  in  professional  journals, 
and  indeed,  even  our,academic  research  focuses  on  these  and  similar  character¬ 
istics  of  "leadership".  In  years  back,  as  an  "interactionist",  1  was  very  con¬ 
cerned  with  the  then  seemingly  important  variable  of:  Who  initiated  action  for 
whom?  For  me  -  and  many,  many  other  researchers  -  a  high  level  of 
initiation  designated  leadership  with  the  big  "L»".  In  short,  anyone  who  acted 
in  response  to  others  could  not  possibly  be  forceful,  strong,  decisive,  self- 
sufficient--or,  a  leader. 

I  would  like  to  explore  how  we  tend  to  react,  given  that  image,  in  our 
individual  behavior  as  managers  and  how  we  might  experiment  with  behavior 
that  rests  on  a  somewhat  different  oase.  Toward  that  end,  I  would  like  to 
discuss: 

-  Why  we  tend  to  behave  to  make 
that  image  come  "true". 


-  What  th'i  forces  are  which  threaten 
that  image. 

-  How  v'e  react  to  those  threats  to 
our  image. 

-  Ways  in  which  we  can  work  ourselves 
out  of  the  apparent  dilemma  of  the 
several  conflicting  forces. 

-  Initial,  first  steps  to  undertake  a 
change  in  our  behavior  to  achieve 
more  effective  leadership. 

1  Am  Your  Leader! 

Given  the  notion  that  leadership  is  central  and  localized  in  one  individual  - 
me  -  and  accepting  the  elements  that  contribute  to  that  leadership,  1  try  to  behave 
in  ways  that  live  up  to  that  standard.  Unless  I  do,  you  may  not  consider  me  au  an 
effective  leader. 

These  elements  are  so  generally  applicable  that  I,  as  an  individual,,  have 

little  choice  in  how  J.  behave.  I  evaluate  myself,  my  superiors  evaluate  me  (look 

at  most  performance  evaluation  forms)  and  I  feel  my  peers  and  my  subordinates 

evaluate  me  along  the  same  dimensions. 

Unless  I  behave  in  ways  to  meet  those  prescribed  qualities  of  leadership, 

I  am  not  a  leader.  Therefore,  as  I  choose  how  I  behave  as  a  manager,  or  as  a 

lbader,  I  tend  to  select  pattersn  that  prove  I  am  forceful,  strong,  decisive, 
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initiating,  self-sufficient  and  "in  control".  Further,  I  tend  to  resist  attempts 
which  have  me  behave  differently. 

Forces  Sapping  My  Leadership 

Unfortunately,  for  my  image  of  myself,  others  not  only  do  not  share  that 
image,  but,  very  often,  challenge  my  image.  They  want  to  contribute  to  my 
decisions,  they  want  autonomy,  they  ask  me  to  do  things;  when  I  say  "jump", 
they  sometimes  ask  J,why?"  instead  of  "how  high?". 

The  trouble  with  this  challenge  to  rny  image  is  that  groups  using  this  new 
way  of  operating  often  are  more  effective.  Not  only  do  they  get  jobs  done  more 
easily,  but  the  people  involved  feel  more  productive!  They  not  only  do  more, 
but  they  seem  to  grow- more. 

Increasingly,  I  get  into  the  dilemma  either  of  being  a  traditionally 
"effective"  leader,  or  of  having  an  effective  group. 
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When,  on  occasion  I  give  into  letting  my  subordinates  take  the  bit  into 
their  teeth,  I  feel  like  shouting  after  them:  "Hey,  wait  for  me:  I'm  your 
leader". 

On  t:  -:e  occasions,  it  has  been  hard  for  me  to  accept  their  getting 
something  uone  without  my  being  quite  central  to  those  efforts.  Even  worse, 
they  sometimes  come  up  with  a  better  way  of  getting  the  job  done;  that's 
even  harder  to  accept. 

On  those  occasions,  I  get  to  feel  that  I  am  lacking  in  my  leadership  - 
that  I'm  losing  control. 

My  Attempts  to  Control 

We  rely  on  a  variety  of  mechanism:-  to  establish  and  maintain  control: 

'"’ley  vary  from  the  very  subtle  to  the  ludicrous.  They  may  involve: 

-  Only  ourselves 

-  Our  relations  with  another  person 

-  Our  relating  to  a  group 

I  would  like  to  give  a  few  illustrations  from  my  personal  experience. 

Altogether  too^ften,  I  find  myself  deluding  me  in  an  effort  to  control  my 
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self  image.  Sometimes  I  do  so  through  selective  screening  of  my  environment 
and  my  experience.  At  times  I  do  so  at  the  expense  of  others. 

An  illustration  of  the 'latter  was  a  pattern  I  had  established  with  my  son  some 
time  back.  It  had  to  do  with  my  helping  him  with  his  Algebra  homework.  I  would 
spend  two  and  three  hours  a  night  "helping  him".  One  day  I  suddenly  realized 
that  the  one  I  was  really  helping'was  me  -  and  my  self  image  of  a  loving,  devoted, 
dedicated  father. 

In  the  process  of  creating  this  self-deception,  I  was  really  making  my  son 
pay;  with  anxiety,  frustration  and  guilt.  (By  the  way,  I  was  learning  Algebra, 
not  he! ) 

While  1  was  controlling  my  self-image,  I  was  also  controlling  my  son.  He 
couldn't  pin  responsibility  for  his  sorry  state  of  affairs  on  a  "loving,  devoted, 
dedicated  father". 

We  have  all  met  those  "super  nice  guys"  whom  we  can’t  criticize:  "But 
he* 8  such  a  nice  person." 

Be  alert  to  these  ’’helpers"  and  nice-guys":  They  can  manipulate  you  -  ever 
so  nicely  -  into  a  pretty  confining  corner. 


A  variant  on  "helping"  is  to  indulge  in  "nit-picking"  -  keeping  the 
other  person  off  balance.  I  know  I  can  always  find  something  wrong  in  a 
document  or  presentation  if  I've  a  mind  to.  I'm  sure  you  can  do  equally 
well. 

People  c!o  finds  ways  to  deal  with  nit-pickers  and  helpters,,  (How  el&e 
are  we  going  to  learn?)  I  got  my  "come-uppance"  once  when  I  slipped  into  a 
blue  pencil  period:  I  edited  the  hell  out  of  documents  my  subordinates  passed 
by  me  for  review.  In  an  effort  to  please  me,  my  subordinates  gave  me  more 
and  more  to  edit.  I  finally  got  the  message  when  they  began  submitting  pro¬ 
fessional  papers  virtually  on  the  backs  of  envelopes. 

Recently  a  student  of  mine  -  a  manager  in  the  aerospace  industry  - 
learned  from  other  managers  that  his  subordinates  were  "planting"  nits 
for  him  to  find.  They  had  learned  that  he  stopped  hunting  for  nits  in  their 
work  after  he  caught  one.  They  were  nice  about  it  though.  They  planted 
the  nit  fairly  early  in  the  paper  and  saved  time  and  effort  for  everyone. 

A  former  colleague  of  mine  learned  how  to  handle  a  "helping"  boss. 

It  became  downright  ridiculous;  he  had  the  boss  hand -carry  his  personal 
medical  claims  through  the  company  benefits  office,  or  track  down  in  the 
company  library  why  a  certain  book  hadn't  arrived  as  yet. 

This,  then  is  tlfe  dilemma:  Industrial  folklore  defints  leadership  in 
positive  aggressive  terms,  individuals  increasingly  demand  greater  parti¬ 
cipation  in  decisions  about  their  work-life.  We  managers,  and  Would-be 
leaders,  tend  to  fight  off  attempts  to  reduce  our  control;  we  tend  to  be  more 
and  more  controlling. 

Which  Way  Out  ? 

In  recent  years  a  change  has  been  occurring  in  concepts  about  leader¬ 
ship  and  productive  groups. 

More  is  being  written  about  a  leadership  function  rather  than  the  big 
"L"  leader.  The  leadership  function  is  performed  variously  by  several,  ii 
not  all,  member^  of  the  group.  (In  a  way,  the  task  determines  appropriate 
and  effective  behavior. ) 

We  are  changing  our  assumptions  about  people.  Less  frequently  do 
we  see  them  as  things  who  have  to  be  manipulated  or  forced  to  perform 


effectively.  The  tendency  is  to  assume  that  individuals  seek  the  following 
characteristics  in  a  work  situation: 

-  Challenge  -i.  - 

-  Freedom 

-  Worthwhile  work 

-  Recognition 

-  Responsibility 

-  Competent/Congenial  colleagues 

-  Opportunity  to  grow 

Given  the  foregoing  models  of  leadership  and  of  individuals,  the  tendency 
is  to  define  a  healthy  work  climate  or  culture  as  having  the  following  character¬ 
istics: 


Focus  on  the  task 
(problem  solving} 

Structure  around  task 
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Openness 

Trust 

Confrontation 

Caring  for  others 

Introspective  (step  out 
of  culture) 

Role  flexibility 
Spontaneous 


-  Organic 

-  In  process 

-  Deal  in  here  and  now 

-  Responsibility  for  choice 

-  Day-to-day  coaching 

-  Bias  toward  optimism 

-  Ability  to  cope  with  conflict 

-  Internalized  controls  and  rewards 

-  Growth  at  all  levels  in  organization 


To  the  extent  we  can  establish  and  maintain  those  qualities  in  a  work 
situation,  we  will  create  opportunities  for  effective  performance  and  continued 
growth.  Much  of  our  leadership  might  well  be  invested  in  developing  such  an 
environment. 

I  can  attest,  from  personal  experience  that  it  is  not  easy.  Moreover,  the 
job  is  never  really  done.  The  results,  however,  can  be  astounding*. 
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To  Begin  _ 

The  path  is  not  an  easy  one  -  yet,  it  is  potentially  a  very  rewarding  one. 
And  the  first  step  is  the  most  difficult  one.  It  haa  to  be;  it  begins  with  you  as 
an  individual. 

I  had  to  begin  -  as  will  you  -  by  becoming  authentic.  I  "Sad  to  learn  about 
me.  I  had  to  acknowledge  what  was  "with  me"  at  the  current  point  in  time  - 
in  the  here  and  now. 

A  large  part  of  the  process’ of  learning  about  me  was  to  observe  my 
behavior  and  people's  reaction  to  my  behavior.  I  had  to  act,  critique  that 
act  (often  with  the  help  of  others)  and  then  act.  Too  often  we  perform  a  series 
of  continuous  acts  without  pausing  for  introspection.  Too  often  we  don't  learn 
from  our  experience. 

The  task  may  sound  awesome  and  too  hard  to  do.  But,  if  I  think  in  terms 
of  five-minute  segments  of  behavior  -  not  a  major  self-overhaul  -  the  job  is 
"do-able".  I  may  not  b^,able  to  undo  five,  ten  or  twenty  years  of  past  behavior, 
but  I  can  learn  from  the  last  five  minuteB  and  behave  more  appropriately  for  the 
next  five. 

Remember  that  one  of  the  qualities  of  a  healthy  climate  is  a  bias  toward 
optimism. 
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(1)  Historical  Introduction 

The  Motion  of  heavenly  bodies  has  interested  the  minds  of  great  th:rkers 
for  many  centuries.  It  iB  believed  that  the  early  Greeks  such  as  PvtSag-'r  .-s 
(569-470  B.  C. }  and  Aristarchus  (310-250  B.  C.  )  believed  in  the  helicentri-,  • 
theory;  however,  with  the  authoritative  influence  of  Aristotle  (384-322  B.  C.  ) 
the  geocentric  theory  became  accepted  and  went  unchallenged  until  early 
Renaissance. 

During  ihe  years  1500  to  1630,  great  strides  were  made  in  celestial 
mechanics.  A  Polish  astronomer,  Nicolaus  Copernicus  (1473-1543)  br  jke 
away  from  the  geocentric  theory  of  Aristotle  when  he  proposed  the  helio¬ 
centric  reference  for  the  motion  of  planets.  Tycho  Brahe,  (1546-1601)  cs 
Danish  astronomer,  made  extensive  observations  of  the  motions  of  planets 
and  in  particular,  the  motion  of  Mars.  Johannes  Kepler  (1571-1630)  cf  Weil. 
Germany,  who  assisted  Brahe,  noted  that  the  planetary  motions  around  the 
sun  were  not  circles  but  ellipses  and  formulated  his  three  empirical  laws 
of  motion,  known  as  Kepler's  laws.  These  are: 

Law  1.  The  orbit  of  each  planet  is  an  ellipse  with  the  stm  at  a  focus. 

Law  2.  The  radius  vector  drawn  from  the  sun  to  the  planet  sweeps 
over  equal  areas  in  equal  times. 


Law  3.  The  squares  of  the  period;:  of  the  planets  are  proportional 
to  the  cubes  of  the  semi-major  axes  of  the  elliptical  orbit. 

Galileo  Galilei  (1565-1C42)  introduced  a  new  approach  to  science  by 
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founding-  his  theories  on  experimental  observation.  He  was  a  support-.. r  a 
the  Copernican  theory,  lectured  on  Kepler's  "New  Astronomy”  published 
in  1GQ3,  and  in  1310  built  the  first  telescope  and  discovered  four  of  the 
moons  of  Jupitor. 

The"  year  Galileo  died,  Isaac  Newton  (1642-1727)  was  born.  He  ir.tr.-. 
buced  the-  concept  of  mass,  the  law  of  gravitation,  and  laid  the  foundation 
for  the  entire  field  of  classical  mechanics  with  his  three  laws  of  motion 
published  in  his  Principia  in  1686.  His  development  of  the  infinitesimal 
calculus  enabled  the  prediction  of  the  Kepler's  laws  of  planetary  motion 
as  a  consequence  of  his  laws  of  motion. 

Since  Newton’s  time,  mathematical  methods  of  analysis  v/ere  devel¬ 
oped  with  great  skill  by  people  like  Leonard  Euler  (1707-1783)  and 
Joseph  Louis  Comte  de  Lagrange  (1736-1813).  Under  such  masters  the 
subject  of  celestial  mechanics  was  placed  on' a  high  level  of  sophistication 

(2)  The  Two  Body  Problem 

The  motion  of  two  bodies  under  the  influence  of  their  mutual  gravita¬ 
tional  force,  excluding  all  other  forces,  can  be  solved  exactly.  It  is  the 
only  multibody  problem  which  can  be  solved  exactly  by  analytical 
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means,  and  itB  study  is  of  importance  in  providing  an  understanding  of 
the  approximations  which  are  made  for  the  limiting  case  where  one 

'  N 

is  much  larger  than  the  othet.  \ 

\ 

Newton's  laws  of  motion  for  m.,  and  m 2  can  be  set  up  in  inertiai 
coordinates  *r^  and  It  can  be  Bhown  that  the  center  of  mass  of  the 

system  (called  the  barycenter)  remains  at  zero  acceleration.  When  the 
relative  coordinate  r  ■  is  introduced  we  find  that  the  system 

-►  m.m_  ^ 

obeys  the  equation  F,„  *  r  which  establishes  the  equivalent  mass 

12  m.+nu 

ml®2 

for  the  two  body  system  as  — c—  .  If  one  of  the  masses  is  very  large 

ml+in2 

(i.e.  m2~i^®)  compared  to  the  other,  the  equivalent  mass  reduces  to 

that  of  the  smaller  mass  moving  relative  to  the  center  of  the  larger 
mass.  The  problem  is  then  referred  to  as  the  motion  of  a  body  in  a 
central  force  field.  The  motion  of  planets  about  the  sun  (whose  mays  is 
98^  of  the  total  mass  of  the  Solar  system)  and  the  motion  of  satellites 
about  the  Earth  are  essentially  central  force  problems. 

(3)  Motion  in  a  Central  Force  Field 

Using  polar  coordinates  r,8,  with  origin  at  the  center  of  the 
large  body,  the  equation  of  motion  of  the  small  body  about  the  large  body 
can  be  presented  in  the  radial  and  trenrverse  components. 

Radial  force 
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Transverse  force 


„e  +ihb  =  o  <*) 

Equation  (2)  leads  to  the  theorem  of  conservation  of  mansnt  of 
momentum 


k*i  -  H 


(3) 


A  third  equation  giving  the  total  energy  per  unit  mass  of  the  orbiting 
body  (sometimes  referred  to  as  the  "vis  viva"  equation)  is 

K  («0 
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The  equation  (l),  (3),  and  (4)  will  completely  describe  the 
motion  of  the  body  in  a  central  force  field.  Its  geometric  path  is 
described  by  the  equation  of  a  conic  section 

*  k  ~  /  +  e  <5) 

where:  £  c  seai-latus  rectum 

S  *  eccentricity  which  depends  on  total  energy  £  • 


✓ 


Fig.  X.  Orbits  under  central  force 

Figure  1  illustrates  the  class  of  orbits  which  satisfy  Sq.  (5) 
Table  1  gives  some  of  the  information  pertaining  to  each  cites. 
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(4)  Orbit  Established  frcta  Initial-  Conditions 

— -  \ 

The  type  of  orbit  which  a  satellite  will  go  into  is  caapletely 


Fig.  2.  Initial  conditions  at  injection 


Bm  eccentricity  of  the  orbit  and  the  location  of  perigee  can  then  be 
deteznined  free  the  equations 


eV  fa? 
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By  dropping  the  subscript  o,  these  equations  hold  for  any  point  on 
the  orbit,  and  parametric  charts  relating  these  quantities  ere  given  by 
Figs.  3  and  Jt. 

(5)  Time  of  Flight 

The  tine  of  flight  computations  are  generally  more  tedious.  One 
approach  is  to  start  from  the  equations  of  polar  coordinates  substituted 
into  the  moment  of  momentum  equation,  Eq.  (3)» 


,<tt  = 
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and  performing  the  integration.  This  leads  to  a  complicated  equation 

vhoae  results  are  presented  by  curves  in  Figs.  5  sod  6. 

The  second  approach,  applicable  to  elliptic  orbits,  is  to  use 
the  equation  of  the  ellipse  in  terms  of  the  eccentric  anomaly  £  which 
is 
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Again  substituting  into  (8)  and  lettinjg  A *1  s  XTT  /^.  ,  a  tern 

called  mean  anomaly,  the  solution  is  available  from 
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The  solution  of  Eq.  (10)  is  shown  graphically  in  Fig.  7. 


(6)  Transfer  Between  Orbits  and  Interplanetary  Travel. 

We  consider  here  only  the  case  for  transfer  between  two  circular 
orbits.  Also  we  discard  the  classical  equations  and  solve  the  problem 
from  the  energy  equation  and  the  moment  of  momentum  invariance. 
Assuming  a  velocity  change  under  impulsive  thrust,  a  transfer  orbit 
(Hohmann  trajectory)  and  its  departure  and  arrival  velocity  can  be 
found.  The  res ults^are  immediately  applicable  as  preliminary  calcu¬ 
lations  for  interplanetary  missions  based  on  segments  of  three  central 
force  problems.  Important  to  the  procedure  is  the  theory  of  the  corridor 
which  is  pertinent  to  the  capture  conditions  of  the  particle. 
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Anheuser-Busch,  Inc,  ,  in  his  remarks  to  a  recent  Annual  Meeting  of  Share¬ 
holders,  stressed  the  fact  that  operations  research  was  being  used  to  guide 
company  decisions  concerning  plant  location,  product  research  and  development, 
and  estimates  of  future  demand  for  their  products.  President  Johnson  recently 
directed  that  all  government  departments  apply  systems  analysis  to  major 
programming,  decisions.  A  recent  series  of  articles  in  Management  Science 
expressed  concern  over  the  problem  of  communication  with  top  management. 
What  is  the  significance  of  these,  and  many  other  similar  events?  To  me, 
it*  8  an  indication  that  operations  research  is  becoming  a  significant  influence 
in  the  decision-making  process  at  the  higher  levels  of  industry  and  Government. 
Traditionally,  (if  a  field  only  20  years  old  can  have  a  tradition)  ope  rations 
research  has  been--as  the  name  suggests --operationally  oriented.  Some  of  the 
earliest  applications  of  operations  research  were  military,  having  to  do  with 
improving  the  efficiency  of  going  operations.  Increasing  the  effectiveness  of 
bombing  systems,  the  effective  utilisation  of  radar,  or  problems  of  anti-sub- 
marine  warfare  were  some  of  the  early  problems  addressed  in  World  War  H 
by  operations  researchers.  These  were  problems  concerning  operating  pro¬ 
cedures - not  so  much  equipment  problems.  In  industry,  early  applications 

were  directed  toward  improving  production  through  changes  in  operating  pro* 
cedures  rather  than  changes  in  equipment.  ‘  These  applications  emphasised 
improvements  in  such  things  as  inventory  or  production  control  systems  but 
had  little  to(jdo  with  basic  company  policy  decisions.  The  change  that  is 
taking  place  is  this:  operations  research  is  being  applied  more  and  more  to 
high  level  policy  decisions.  Decisions  which 
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are  more  difficult,  harder  to  formulate,  concerned  with  greater  uncertainty, 
and  which  are  far  more  significant  than  production  or  operating  problems  are 
being  treated  as  operations  research  problems.  It  is  this 'frend^-the  reasons 
for  it  and  the  changes  in  decision  processes  resulting  from  it--that  1  want  to 
discuss  with  you  this  morning. 

But  first,  I  want  to  explain  what  I  mean  by  operations  research.  It  is  not 
a  very  well  defined  te'fm.  A  professor  of  mine  once  defined  it  as  "the  thing 
operations  researchers  do."  I  find  this  an  unsatisfactory  definition  but  it 
indicates  the  difficulty  of  defining  the  term. 

If  you  were  to  examine  a  few  copies  of  The  Journal  of  the  Operations 
Research  Society  of  America  (ORSA) ,  you  would  find  that  a  preponderance 
of  the  articles  are  highly  mathematical.  Most  of  them  are  concerned  with 
mathematical  techniques  for  solving  well  defined,  abstract  problems.  For 
example,  you  are  apit  to  find  several  articles  proposing  more  efficient 
algorithms  for  solving  linear  or  non-linear  mathematical  programming 
problems.  I  think  you  would  be  left  with  the  impression  that  operations  re¬ 
search  was  simply  a  form  of  applied  mathematics  concerned  with  optimization 
techniques. 

I  view  operations  research  in  a  much  broader  sense.  It  encompasses 
applied  mathematics,  as  the  Journal  of  ORSA  suggests,  but  it  also  encom¬ 
passes  'the 'broader  spectrum  which  includes  management  science  and  systems 
analysis.  While  areas  of  specialization  have  developed  around  each  of  these 
throe  aspects  of  operations  research  (specialized  journals  are  published, 
societies  have  been  formed,  and  books  have  been  published  in  each  of  these 
areas}  they  have  much  more  in  common  than  the  specialization  might  suggest. 

.  It’s  not  these  differences  that  I  want  to  emphasize.  ‘It  is  the  encompassing 
philosophy  or  approach  to  decision  problems  common  to  all  these  areas  of 
specialization  which  is  significant.  It  is  this  broader  concept  that  I  associate 
with  the  term  operations  research.  It  matters  little  whether  we  agree  on  the 
use  of  this  title- -but  it  is  important  that  we  have  a  mutual  understanding  of 
the  concept. 

Operations  research,  then,  as  I  am  using  the  term,  is  a  disciplined 
approach  to  decision  problems  which  involves: 


a.  the  use  of  a  formal  analytical  framework  for. the 
systematic  comparison  of  alternatives; 

b.  an  explicit  statement  of  the  criterion  cf  choiae--or 

_ _  the  objective  which  guides  the  decision-makejr; 

c.  a  methodology  for  dealing  with  uncertainty. 

It  is  further  characterized  by  the  fact  that  it  is  usually  concerned  with 
institutional  systems  (rarely  with  pure  physical  syatemB)  and,  moreover, 
with  the  optimization,  in  some  sense,  of  these  systems. 

The  use  of  a  formal  analytical  framework  or  model  serves  two 
important  purposes.  First,  it  identifies  the  variables,  both  exogenous 
and  endogenous,  assumed  to  be  relevant  to  the  decision  and  states  explicitly 
the  relationships  assumed  to  exist  among  the  variables.  Second,  it  provides 
a  predictive  device  which  relates  the  decision-make  r*s  alternatives  to  the 
expected  future  consequences  of  choosing  each  one.  The  explicit  statements 
about  the  relevant  variables  is  essential  for  a  disciplined  approach  to  decision- 
making.  It  provides  a  way  of  checking  results  againBt  assumptions  and  a  way 
for  persons  other  than  the  analysts  to  follow  the  analysis.  It  is  little  more 
than  the  openness  and  explicitness  expected  in  any  credible  analysis. 

The  predictive  nature  of  the  analytical  framework,  or  model,  is  at 
the  heart  of  operations  research  approach  to  decision-making.  Decisions, 
by  their  very  nature,  are  (1)  choices  from  among  alternatives  and  (2)  attempts 
by  the  decision-maker  to  alter  the  future  by  choosing  an  alternative  which  leads 
to  a  stream  of  future  consequences  which  is  more  desirable  than  other  altern¬ 
atives.  It  is  essential,  then,  that  one  attempt  to  predict  what  these  consequence 
are  likely  to  be  for  each  alternative  considered.  Only  by  relating  the  expected 
future  consequences  of  the  alternatives  can  one  compare  and  choose  rationally. 

The  requirement  for  an  explicit  statement  of  the  criterion  of  choice— or 
the  basis  for  determing  the  preference  of  one  alternative  over  another — 
becomes  more  important  and  more  complex  as  the  institutional  level  of  the 
decision  problem  is  raised.  In  personal  decision  problems  this  explicitness 
is  not  too  important.  One  can  simply  state  that  he  desires  one  alternative 
over  another  without  stating,  or  even  fully  understanding,  why.  His  choice 
somehow  reflects  his^peraonal  value  system  which,  after  all,  is  the  only 
relevant  criterion  in  personal  decisions.  This  is  not  the  case  in  institutional 
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decision  problems.  The  personal  likes  and  dislikes  of  the  decision-maker 
are  not  relevant  and  should  be  fore  ibly  excluded  from  the  decision  process 
by  explicitly  stated  organizational  goals.  This  may  not  be  too  diffucult  at 
the  lower  levels  of  an  organization.  At  the  higher  levels,  howeyer,  the 
problem  becomes  increasingly  more  difficult.  Even  in  industrial  organiza¬ 
tions,  where  the  profit  motive  is  supposed  to  dominate,  the  criterion  problem 
is  complicated  by  multiple  objectives  such  as  long-run  vs.  short-run  profits, 
institutional  survivability,  etc.  In  Government,  the  problem  is  even  more 
complex.  In  either  case,  however,  the  criterion  problem  must  be  faced 
and  the  operations  research  approach  tends  to  force  the  decision-maker  to 
face  it.  ■ 

.•  Finally,  since  no  one  can  predict  the  future  with  certainty,  and  since 
decision  problems  are  inextricably  associated  with  predictions  of  the  future, 
uncertainty  in  decision-making  is  a  certainty!  There  is,-  of  course,  no  way 
of  completely  overcoming  this  pr  oblem.  The  operations  research  approach 
does,  however,  provide  methodology  for  reducing  the  risk  associated  with 
the  uncertainty."  The  two  most  widely  used  methods  are  sensitivity  analysis 
and  probabilistic  models. 

Sensitivity  analysis  is  merely  the  testing  of  the  results  of  an  analysis 
to  variations  in  the  basic  set  of  assumptions.  Through  sensitivity  analysis, 
ohe  can'identify  those  variables  to  which  the  results  are  most  sensitive  so 
that  further  study  can  be  focused  on  the  relevant  questions.  It  can  also  aid 
the  decision-maker  in  choosing  an  alternative  which  guards  against  undesirable 
consequences  even  under. the  most  adverse  set  oTassumptions,  if  he  desires 
such  a  solution.  For  example',  it  may  be  more  rational  in  choosing  a  military 
system,  to  select  one  which  is  capable  of  coping  with  a  wide  range  of  threats 
than  to  select  one  which  is  most  efficient  for  a  single,  most  likely,  threat 
(if  it  turns  but  that 'these  are  mutually  exclusive  choices). 

The  other  method  of  dealing  with  uncertainty- -the  use  of  probabilistic 
models --requires  that  one  select  a  probability  distribution  to  describe  a 
random  variable  in  the  mdifel.  This-  approach  has  been  used  successfully 
in  the  analysis'  of  queuing  problems;'  ihventSif^  problems ,  and  many  other 
problems  where  the  nature  of  the  stochastic  system  being  modeled  is 


reasonably  well  underwood. 

Both  of  these  methods  of  dealing  with  uncertainty  are  dependent  upon 
having  the  formal  analytical  framework  or  model  and  an  explicit  statement 
of  criterion  characteristic  of  the  operations  research  approach. 

Having  examined  the  characteristics  of  the  operations  research  approach 
to  decision-making,  let's  now  turn  to  the  reasons  for  its  being  applied  to  higher 
level  decision  problems  in  government  and  industry.  Recent  changes  in  both 
the  decision-making  environment  and  in  the  operations  research  field  have 
brought  about  this  increased  application. 

In  both  government  and  industry,  high  level  decision  problems  have 
become  more  complex  over  the  past  few  years.  The  technological  explosion 
of  the  last  two  or  three  decades  has  offered  decision-makers  a  far  greater 
number  of  alternatives  than  they  previously  had.  The  number  of  alternative 
military  systems  which  could  be  developed  from  today's  technology,  for 
example,  staggers  the  imagination.  The, pace  of  technology  also  makes  today's 
alternatives  obsolete  in  a  very  few  years.  Moreover,  the  costs  of  these 
systems  is  so  high  that  one  cannot  avoid  the  problem  of  choice  by  selecting 
several  to  try  out;  he  must  choose'.  In  addition,  the  uncertainties  of  the 
problem  are  magnified  because  the  systems  are  so  radically  new  and  because 
obsolescence  comes  so  rapidly.  These  factors  combine  to  create  a  situation 
where  the  number  of  alternatives  is  larr  ,  the  cost  of  each  is  high,  the  con¬ 
sequences  of  a  poor  choice  are  catastiuu  .'ic,  and  the  uncertainty  is  great. 

Similar  conditions  exist  in  industry  and  other  government  agencies.  Experience 
and  unaided  judgment  are  simply  inadequate  for  guiding  decisions  under  these 
circumstances.  Decision-makers  are  turning  to  analysis  to  aid  their  judgments. 

Changes  have  also  occurred  in  the  field  of  operations  research  during  the 
past  few  years  which  have  made  this  approach  practical  for  high  level  decision 
problems.  For  one  tb£ng,  a  great  deal  of  work  has  been  done  in  developing  the 
methodology  for  solving  a  wide  class  of  optimization  problems.  Probably  the 
most  important,  however,  is  the  availability  of  electronic  computers  which  make 
it  relatively  easy  to  solve  such  problems.  This  makes  it  possible  for  the  analyst 
to  concentrate  on  the  analysis  and  leave  most  of  the  routine  palculations  for  the 
computer. 


Finally,  the  change  which  is  probably  the  most  important  single 
reason  for  the  increased  use  of  operations  research  to  these-types  of 
problems  has  been  changed  in  the  decision-makers  themselves'.  More 
and  more  the  decision-maker  is  somewhat  of  an  analyst  himself.  His 
education  has  generally  included  a  formal  exposure  to  economic  princi¬ 
ples  and  methods  of  analysis.  He  has  observed  the  value  of  analysis  in 
such  decision  problems.  In  short,  he  understands  the  approach,  whether 
•  he  understands  the  detailed  methodology'  or  not,  and  he  can  understand 
and  believe  the  results  of  a  good  analysis.  It  has  been  said  that  a  decision¬ 
maker  would  rather  live  with  a  problem  he  can't  solve  than  to  accept  a 
solution  he  can’t  understand.  The  number  of  decision-makers  who  under¬ 
stand  and  will  accept  analysis  as  an  aid  to  judgment  is  increasing. 

The  view  of  operations  research  which  I  have  presented  to  you  is  that 
of  a  disciplined  approach  to  decision-making.  While  operations  research 
was  developed  in  an  operational  environment,  its  greatest  benefits  can  be 
realized  in  applications  to  high  )  jvel  policy  decision  problems.  In  spite 
of  the  difficulties  of  formulating  precise  statements  of  these  problems, 
this  approach  can  be,  and  is  being,  used  to  improve  the  decision-making 
process  at  the  highest  levels  of  government  and  industry.  It  is  not  a  panacea, 
but  is  iar  superior  to  the  implied  alternative — unaided  judgment  and  intuition. 
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INTRODUCTION 

Economic  activity  revolves  about  three  key  elements  :  (1)  human  wants, 

which  are  varied  and  insatiable  (2)  resources  which  are  limited,  versatile 
and  capable  of  being  combined  in  various  proportions  to^nroducc  a  given 
commodity  (3)  techniques  for  utilizing  resources  to  produce  goods  and 
services  which  satisfy  wants. ^ 

The  social  science  of  economics  has  devoted  itself  to  the  analysis  of 
this  activity  in  order  to  measure,  explain,  predict  and  control,  observed 
phenomena.  Models  have  been  created  to  simplify  the  complex  reality  of  an 
existing  economy  to  the  essential  determinants  in  order  to  observe  and 
evaluate  the  effects  of  an  introduced  change. 

As  a  result  we  tend  to  place  labels  on  a  given' economy  such  as  the 
"Eree  Enterprise  System",  predominant  in  the  Western  World  or  "The  System 
of  State  Capitalism"  of  the  Iron  Curtain  countries.  With  a  free  enterprise 
system  ye  associate  a  consumers  choice  of  selection,  a  resource  owners 
freedom  of  resource  deployment,  an  entrepreneur’s  ability  to  enter  or  leave 
the  business  of  his  choice,  and  a  price  aystea  that  at  least  in  the  short 
run,  depends  upon  supply  and  demand,  with  money  as  an  essentially  neutral 
medium  of  exchange.  Equating  management  with  entrepreneurship  and  accepting 
the  profit  motive  as  the  guiding  force  of  such  a  system,  we  have  now  a  model 
of  the  American  economy  which  was  essentially  valid  for  the  early  part  of 
this  century. 

In  the  meantime  the  federal  budget  involves  some  20  %  of  the  nation's 
income.  The  Government  has  replaced  the  private  entrepreneur  in  large 
sections  of  the  economy  by  assuming  the  risks  of  new  production  and  by 
making  the  decision  to  employ  resource*.  Today's  topic  is  this  effect  of 
Government  entrepreneurship  on  private  industry. 

* 

*  * 

Richard  H.  Leftwich  "The  Price  System  and  Resource  Allocation".  Holt, 
Rinehart  and  Winston,  New- York,  1960,  p.  10 
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-GOVERNMENT  EXPENDITURES  AND  THE  STRUCTURE  OF  AMERICAN  INDUSTRY 

The  growing  significance  of  Govcrnr.*ont  expenditures  on  the  structure 
of  American  industry  can  be  demonstrated  by  the  number  of  large  defense 

contractors  in  the  100  lr  gcst  industrial  corporations  group.. 

>«-  ' 

TABLE  1(2) 


Overlap  between  the  100  Large  Defense  Contractors  and  the  100  Largest 
Industrial  Corporations: 


Period 


Number  of  Firms  on 
Both  Lists _ 


World  War  II  Defense  Contractors 

and  1939  Industrial  Banka  29 


World  War  II  Defense  Contractors 

and  1945  Industrial  Banka  53 


Korea  Defense  Contractors 

and  Industrial  Banks  41 

Missile  Age  Defence  Contractors  . 

and  Industrial  Ranks  ...  40 

“  / 

The  State  of  California  received  approximately  $6  billion  worth  of 
prime  contracts  or  18.3  X  of  the  total  $32  billion  spent  by  the  Department 
of  Defense  during  fiscal  1966.  . 

Employment  in  the  aerospace  industry  provides  another  interesting 
statistic:  In  1939  the  aircraft  industry  accounted  for  .6  %  of  total 
manufacturing  employment  and  in  1944  for  7.6  X,  making  it  the  largest  single 
Industry  in  the  economy  in  that  year* 


(2) 

Merton  J.  Peck,  Frederick  M.  Scherer.  "The  Weapons  Acquisition  Process". 
Division  of  Research,  Graduate  School  of  Business  Administration.  _ 
Harvard  University,  Boston,  1962,  p.  120  ■  '  .  ' ' 


Or  consider  the  impact  upon  regional  economics:  Orange  and  Los  Angeles 
counties  showed  an  increase  of  total  manufacturing  employment  from  372,737 
in  1940,  to  939,658  in  1966,  for  a  gain  of  443.9  X  in  the  sag£  period 
aerospace  employment  rose  from  25,600  to  376,217  for  a  gain  of  1,369.6  X. 

According  to  a  different  compilation  of  available  figures,  more  than 
450,000  Southern  Californians  are  employed  in  defense  and  space  related 
industries.^ 

Dependency  upon- Government  contracts  is  almost  complete  for  most  aero¬ 
space  firms.  For  example  both  Lockheed^and  North  American  Aviation^  - 
the  latter  with  aales  of  $2  billion  last  year  -  had  Government  contracts 
for  95  X  of  total  sales. 

While  the  Statistics  given  show  the  dependency  of  private  industry  on 
Government  expenditures,  the  question  remains,  how  and  if  Government  also 
affected  the  creation,  sice,  financing,  labor  relations,  wages  and  salaries 
and  other  aspects  of  Industrial  development. 

'  •  *  •  ★  ■  /  -  : 

'  ’  ....  ■ .  V  ;  •  ;  •  • 

ANALYSIS  BV  SELECTION  OF  SIGNIFICANT  SAMPLE  SITUATIONS 

Time  does  not  permit  an  analysis  and  description  of  the  total  scope  of 
Government  effect  upon  private  industry  but  the  specific  examples  used  to 
discuss  some  of  the  most  important  aspects  of  this  problem  should  at  least 
provide  a  useful  background  for  your  . understanding  and  evaluation.  Choice 
cf  specific  situations  and  their  description  has  been  used  as  the  vehicle 
to  point  out  highlights  and  draw  specific^  conclusions.  ■ 


Department  of  Commerce,  Statistical  Abstract,  1966.  ‘ 
^Business  Week,  July  1,  1967,  p.  66  ' 
^BusinessWeek,  June  3,  1967,  p.  154  ,  , . 


Case  1:  The  immediate  requirement  for  large  Increases  of  existing  production. 

Actually  this  type  of  problem  can  occur  in  a  normal  free  enterprise 
— market  system  in  the  case  of  a  sudden  shift  in  consumer's  tastes. 

The  result  is  an  immediate  rise  of  price  of  the  product,  reflecting 
the  increased  demand  at  given  levels  of  supply,  with  rapid  buildup 
of  capacity  and  gradual  lowering  of  price  until  equilibrium  has  been 
achieved. 

While  the  problem  is  similar,  the  effect  is  quiire  different.  Take  . 
the  case  of  Norris  Industries,  Inc.  a  major  ordnance  supplier  since 
World  War  II.  The  firm  is  the  country's  largest  producer  cf  artillery 
cartridge  cases.  During  peace  time,  it  averages  about  $20  million 
worth  of  military  business  annually.  In  the  fiscal  year  ended 
July  31,  1965,  its  military  sales  ed.^ed  up  to  $23  million,  but  in 
the  following  months  they  more  than  doubled  to  $5G  million.  This 
year,  Norris  expects  these  sales  to  reach  $120  million. 

The  differences  between  a  non-defense  rapid  increase  in  production 
and  the  cas/  of  Norris  are  primarily  the  complete  impossibility  to 
predict  demand  level  or  duration  -  normal  predictive  tools  such  as 
market  research  cannot  be  used  -  and  since  surges  in  defense  buying 
are  usually  large  enough  to  affect  the  total  economy,  the  labor 
market  also  becomes  tight,  with  an  accompanying  pressure  on  wages 
and  salaries,  especially  for  skilled  resources. 

In  contrast  to  earlier  emergencies,  the  Government  no  longer  operates 
in  the  rather  haphazard  fashion  of  World  War  IF  days.  Specifications 
for  standard  items  have  become  very  detailed;-, very  precise.  Higher 
Inspection  standards  have  significantly  improved  the  quality  of 
the  produced  item  and  competitive  bidding  has  resulted  in  a  price 
level  for  defense  goods,  which  requires  excellent  management  of  the 
contractor  to  maintain  peacetime  profit  margins*  since  most  defense 
contracts  for  tdch 'standard  hardware  as  aaeuhitioh;  are  bused  on 
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a  fixed-price  basis  or  on  a  cost-plus-fixed-fee  basis  in  which 
all  costs  are  tightly  controlled. 

Even  though  the  Government  carries  the  largest  part  of  the  risk, 
there  is  no  automatic  provision  to  cover  all  closing  costs  when 
the  emergency  has  passed.  Companies  such  as  Norris  have  there¬ 
fore  adopted  a  policy  of'  simultaneous  expansion  of  non-defense 
business  during  the  emergency.  This  is  reflected  in  the  fact 
that  output  of  commercial  goods  has  risen  from  almost  nothing  in 
1946,.  to  $15  million  at  the  time  of  Korea,  to  an  expected 
$78  million  this  year  -  the  latest  figure  includes  the  very  recent 
acquisition  of  a  group  of  commercial,  non-defense  companies  with 
a  combined  sales  total  of  $21  million^ 


Summary;  The  impact  upon  private  industry  by  large  sporadic  increases  in 

demand  by  the^Governraent  has  become  less  disruptive  as  inspection 
standards  have  improved  the  basis  for  evaluation  of  products  manu¬ 
factured  b  y  competitive  firms.  Changes  in  contract  arrangements 
.  ...  and  tighter  control  of  costs  have  .resulted  in  more  effective 

,.  management  and  thus  a  lesser  .coat  to  the  total  economy.  The  aware- 
.  .  ness  of  the  contractor,  that  lie  has  to  participate  in  the  risks 
and  coats  of  closing  down  operations,  after  the  emergency  has 
.  .resulted  in  provisions  made  by  management  to  facilitate  later 
transition  to  peace-time  operation. 


Case  2:  While  Case  1  deals  .with  an  emergency  expansion  of  capacity,  there 
Vj.  are  few  technological,  problems  in  such  relatively  simple  production 

...  „  processes  as  the  making  of  standard  ordnance.  The  matter  becomes 
-  much  more  difficult  when  we  consider  the  development  and  production 
.of  advanced  weapons  .or  spac«;systems.  .  . 

Expenditures  can  aaaily  .exceed  the  $1  billion  level.  Given  the  high 
expenditureain  Individual  proj^ams  and  the  difficulty  of  making 
.  accurate  cost,  daveibpmeht-time'r'and  end-product  quality  predictions, 

\p>r£vata;:if^ua.t^yiaywucny':aor^lil^~to  assume  the  huge  financial 
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risks  especially  since  political  decisions,  changes  in  military 
strategy,  breakthroughs  in  technology,  can  cause  entire  programs 
to  be  shelved.  As  a  consequence  the  Governmeiit  has  accepted  the 
financial  risks  in  most  cases  through  cost  reimbursements;  it 
assumes  the  initiative  for  product  decisions  and  participates  in 
managerial  functions  which  normally  are  performed  exclusively  by 
sellers. 

The  problem  the  Government  faces  is  to  maintain  incentives  for 
efficient  and  optimal  program  execution  in  an  essentially  non- 
market  environment  and  yet  maintain  the  competitive  element  in 
the  selection  process. 

/ 

Triggered  by  threatened  set-backs  in  the  arms  race  between  Russia 
and  the  J.S.,  crash  programs  such  as  the  development  of  inter¬ 
continental  and  intermediate  range  ballistic  missiles  are  being 
initiated,  or  the  special  conditions  imposed  by  a  new  theater  of 
war  call  for  the  development  of  a  new  type  of  weapon,  or  the 
technological  advances  of  other  nations  threaten  important  markets 
of  American  industry,  such  as  the  development  of  a  Super  Sonic 
Transport  by  Britain,  France  and  Russia. 

The  first  requirement  is  to  find  and  to  describe  a  system  that  will 
satisfy  the  obvious  need.  This  first  preliminary  description  is 
then  used  to  find  and  identify  the  potential  creators  of  the  imple¬ 
mented  system  by  a  Request  for  Proposal. 

^  .  •  •  •  • 

It  has  been  recognized  by  the  Government,  that  such  proposals  are 
extremely  costly  for  any  major  system.  Because  of  this  a  new 
procedure  has  been  developed.  The  original  Request  for  Proposal  is 
only  a  rather  gross  preliminary  specification  of  the  system.  The 
Government  screens  all  response*  and  selects  at  least  two  potential 
contractors.  A  more  detailed  RFQ  is  then  sent  to  these  selected 
firms  with  a  request  for  a  very  detailed  technical  plan  and  cost 
proposal.  This  response  is  financed  by  the -Government  if  not 
completely,  at  least  to  a  major  proportion. 


A  typical  case  for  this  kind  of  selective  process  wa&  the  Advanced 
Aerial  Five  Support  System,  a  combat  and  fire  support  helicopter 
specifically  designed  for  Vietnam  type  jungle  warfare.  Among 
about  a  dozen  qualified  contractors,  Lockheed  and  Sicorsky  were 
chosen  by  the  U.S.  Army  Materiel  Cotmannd,  the  contracting  agency, 
to  submit  the  more  detailed  proposals.  At  the  same  time  -  as  a 
parallel  effort  -  the  Army  selected  two  contractors  to  submit  more 
detailed  proposals  for  the  management  of  the  prime  contract  data: 
Booz-Ailen  Applied  Research  and  TRW  Systems.  Also  as  a  funded 
effort  the  actual  contract  given  was  for  the  development  of  hardware 
through  prototype  development  with  the  production  contract  to  follow 
after  presumably  another  round  of  competitive  bidding. 

A  similar  type  of  selection  was  used  for  the  prime  contractor  for  the 
American  version  of  the  Super  Sonic  Transport:  After  preliminary 
selection  of  both  Lockheed  and  Boeing,  both  firms  received  funding 
to  further  develop  detailed  specifications  and  technical  approach. 

There  are  a  number  of  questions  raised  in  connection  with  this  new 

•.  ••  .  ■  '  .  .  ;  .... 

approach  of  Government  to  work  with  private  industry: 

Are  the  costs  associated  with  choosing  more  than  one  initial 
>  contractor  excessive  in  comparison  to  the  resulting  benefits. 

.  .Will  it  reduce  the  time  gap  between  conceptional  and 
operational  stage  of  the  system. 

•  Would  it  be  perhaps  more  economics!  for  the  Government  to 

rely  entirely  on  Government-owned  facilities  to  carry  devel- 
'  opment  efforts  all  the  way  from  conception,  through  research 
and  development,  to  the  beginning  of  production. 


From  an  economists'  point  of  view  the  new  approach  by  Government 
agencies  to  the -selective  process  increases  perhsps  the  development 
cost  by  duplicating  efforts  to  an  extent;  oh  the  other  hand  the 
Government  gets  the  advantage  of  at  least  two' different  approaches 
in  management  and  technological  advancement.  Also,  each  potential 


contractor  normally  has  areas  of  special  skills  and  background. 

The  Government  has  the  option  to  use  obvious  better  approaches 
and  solutions  to  speed-up  development  or  to  improve  overall 
cost  and  reliability.  This  tends  to  reduce  the  time  gap  between 

_ J  conception  and  operation  of  the  system.  Furthermore,  should  the 

.  » 

Government  decide  that'  the  contractor  chosen  for  the  development 
effort  does  not  perform  satisfactorily,  at  least  one  alternate 
contractor  is  available  for  the  production  phase. 

The  argument  that  it  might  be  more  economical  to  use  Government 
facilities  exclusively  for  development,  is  not  valid  for  a  number 
of  reasons:  It  becomes  very  costly  for  the  Government  to  maintain 
the  huge  staff  of  skilled  employees  necessary  to  cover  all  needs. 
The  Governmental  employment  system  is  rather  inflexible  and  does 
not  allow  readily  for  the  necessary  mobility  of  resources.  It  is 
very  difficult  to  motivate  Government  management  to  the  same  extent 
as  private  industry  management  since  by  the  very  standards  set  for 
Government  employees,  (monetary  incentives  can  only  play  an  insig¬ 
nificant  role.  And  finally  the  Government  cannot, like  private 
industry,  decide  to  invest  additional  funds  for  a  development 
contract  in  anticipation  of  the  expected  technological  fall-out 
for  other  products  generated  or  planned  for  by  the  commercial  firm. 

In  special  situations  the  Government  has  however  created  facilities 
for  participation  in  major  development  efforts  such  as  the  Air  Force 
Space  Systems  Division  or  the  Commodity  Commands  of  the  Army 
Materiel  Command.  It  has  however  alirost  always  been  a  close  co¬ 
operative  effort  between  industry  and  those  agencies.  Only  vary 
feu  exceptions  ere  lenoun. 

Summa;ry:  The  Government  has  found  new  effective  ways  to  maintain  competition 
for  complex  weapons  end  space  systems.  Availability  of  the  total 
scope  of  skilled  personnel  has  been  accomplished  by  expanding  funds 
for  occasional  duplication  of  efforts.  Elapsed  time  to  system 
operation  has  bean  reduced  by  a  fester  application  of  new  technology 
•Qd  management  mat ho logy.  Actual  coat  control  has  been  improved 


because  comparison  of  cost  on  a  task  basis  can  now  be  made  on  the 
basis  of  more  than  one  estimate. 

Case  3:  Incentive  Contracting: 

One  problem  faced  by  the  Government  is  that  it  gets  more  and  more 
involved  in  the  vdVy  detailed  control  and  supervision  of  contracts. 
This  is  very  essential  for  all  cost-plus- fixed- fee  type  of  contracts 
to  assure  that  the  contractor  is  indeed  operating  in  a  cost- 
effective  manner* 

Increasingly  a  new  type  of  contracting  is  used  to  insure  emphasis 
by  the  contractor  on  the  area  most  important  to  the  contracting 
agency*  For  example  the  armed  services  have  placed  great  emphasis 
on  expected  end-product  quality, (technical  performance  and  reliability) 
somewhat  lesser  emphasis  on  time  of  availability  and  relatively  little 
emphasis  on  cost  of  quality  control  throughout  the  defense  industry, 
(for  example,  higher  inspection  costs  have  boosted  the  cost  of 
artillery  sheila  in  the  previously  mentioned  Norris  case  by  10  7.)  and 
a  much  greater  demand  for  management  of  the  lover  and  middle  levels. 

The  results  were  reliability  ratings' that  assured  the  status  of  the 
antlballistis  missile  system  in  the  expected  state  of  operational 
readiness,  an  extremely  low  hardware  failure  rate  under  field  condi¬ 
tions,  lower  maintenance  requirements  and  presumably  lower  overall 
system  cost. 

During  the  production  phase  the  incentive  plan  was  extended  to  cover 
cost  reduction,  but  so  far  the  program  has  not  been  overly  successful 
because  of  the  fact  that  anticipated  savings  through  cost-effective 
production  could  not  compensate  for  the  high  cost  of  setting  up  new 
producers  and  the  risk  of  quality  failures* 

Bver  since  1963,  after  a  change  in  procurement  regulations,  a  new 
type  of  Incentive  program  has  been  used  by  ex-post  evaluation  of 
contractor  performance*  Specifically  the  Navy  in  their ianti- submarine 
warfare  program  has  made  use  of  this  program*  A  board  of  evaluators 
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i  s'  crcnLt'ii  and  ;i  set  of  per formanco  goals  amJ  criteria  m-l  up. 
After  completion  of  a  task,  or  a  series  of  Lnsks,  values  ai- 
assigned  to  each  of  the  criteria  and  then  computed  against  i 
-Predetermined  formula.  The  actual  fee  is  determined* according 

'MT  ' 

to  the  degree  of  performance  effectivenesr  established  and 
applied  to  the  predetermined  percentage,  (iee  figure  1) 

7.  of 
Total 
Contract 
Value  2o 

15 

10 

Minimum  Fee 
Allowed  , 


10  20  30  40  50  60  70  80  90  :  100 

X  of  Performance  Effect iveness 

(Figure  1) 

The  difficulty,  of  course, is  the  definition  of  performance  standards 
to  measure  with.  Already  significant  advances  have  been  made  in 
this  area  and  it  can  be  expected  that  measuring  criteria  will  soon 
be  .available  to  evaluate  contractor  performance  in  mill  areas. 

Summary:  Cost-plus-fee  incentive  contracting  is  becoming  the  preferred  method 
in  Government ^private  industry  contractual  relationships.  As 
methods  and  criteria  for  measurement,  become  more  precise  and 
relevant,  governmental  participation  in  contract  management  can  be 


Conception 


/  ' 

reduced  for  an  overall  increase  in  cost  effectiveness. 

Cose  4:  Specialized  areas  in  which  it  is,  or  would  be,  preferable  for  the 

•i~  ■ 

Government  to  own  and  operate  facilities. 

While  in  most  areas  of  large-systems  development  technological  fall¬ 
out  can  be  produced  for  the  developing  firm,  such  as  the  know-how 
gained  to  build  satellites  for  NASA,  can  be  exploited  to  develop  a 
commercial  communication  satellite  or  the  heat-resistant  material 
used  for  the  nose  cone  of  a  rocket  is  equally  well-suited  as  the 
material  for  all  sorts  of  cooking  ware  as  demonstrated  by  the  Corning 
Cowpany.  But  unfortunately  in  some  areas  of  technological  development 
no  immediate  fall-out  can  be  expected  and  not  even  the  normal  requi¬ 
rement  for  more  proc.uct  for  the  operational  phase,  as  is  normal. 

Specifically  we  eould  mention  the  area  of  rocket  propulsion.  Let  us 
first  look  at  a  typical  demand  curve  for  a  new  product  during  the 


(Figure  2) 
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There  Is  a  small  initial  demand  for  Che  product  through  di-vi ■  lopcie:*.; 
of  prototype.  The  heavy  demand  is  during  the  production  phase. 

While  use  for  the  prime  requirement  subsides>  al-fiernate  uses  for 
the  product  are  being  identified  and  marketed,  so  that  the  aggregate 
demand  for  the  product  is  sustained  at  high  levels  over  a  signifi¬ 
cant  time  period. 

A  contractor  can  recoup  total  cost  of  development  and  realize  a 
profit  during  that  phaae,  with  expectations  of  more  profit  as  alter¬ 
nate  product  use  continues. 

Let  us  compare  this  now  with  the  typical  demand  curve  for  a  rocket 


(Figure  3) 

w  : 

The  requirements  for  the  product  are  high  during  propellant 
development  and  even  higher  during  engine  development,  with 
very  little  additional  needs  during  the  operational  phase. 

There  are  usually  no  alternative  uses  for  the  product,  ergo 
there  is  no  possibility  for  a  private  firm  to  recover  the  cost 
of  development  or  make  a  profit. 

In  addition  to  the  atypical' distribution  of -demand,  alternative 
propellants  for  a  given  purpose  may  completely  scrap  an  existing 
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program.  Take  for  example  the  solid  propel lanL  booster  developed 

by  the  Aerojet -General  Corporation:  In  a  recent  test  i^64i>,(;00 

pounds  of  propellant  produced  5.4  million  pounds  of  tifrust  in  a 

(8) 

75-second  burn.  The  idea  is  to  prove  the  great  potential  use  in 
multi-stage  launch  vehicle  systems  to  carry  heavy  payloads  into 


space  at  a  cost  per  pound  less  than  that  delivered  by  clustered 


liquid  engines. 


However,  the  Space  Agency  contends  that  nuclear  upper-stage  rockets 
coupled  with  the  liquid-fueied  Saturn  V  booster,  will  be  capable 
of  lofting  any  forseeable  payloads. 


The  outcome  of  the  test  -  not  yet  evaluated  at  the  writing  of  this 
paper -will  decide  whether  or  noi:  the  program  will  be  adequately 
financed  or  discontinued. 


It  is  obvious  that  risks  such  as  these  are  a  burden  which  cannot  be 
carried  by  a  contractor.  lr\  addition  to  the  cost-recovery  problem,  , 
it  would  appear  advantageous  icr  the  Government  to  own  and  operate 
such  a  facility. 

Summary:  In  special  cases  of  product  development.  Government- owned  and  -operated 
facilities  appear  to  be  not  only  economically  feasible,  but  actually 
advantageous  in  an  economic  sense. 


/ 
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CONCLUSION 


The  effect  of  Government  on  private  industry  has  been  very  evident  in 
a  number  of  areas,  but  does  not  reflect  the  full  impact  of  Government 
expenditures  in  percent  of  gross  national  product. 

Examples: 

Wage  and  salary  policies  of  the  Government  follow  patterns  established 
by  private  industry. 

The  Government  does  not  monopolize  -  at  least  not  on  a  large  scale  - 
products  or  processes  developed  under  Government  contracts. 

On  the  other  hand,  Government  expenditure:}  have  caused  significant  changes 
in  American  industry: 

.  A  large  number  of  enterprises  have  newly  been  created  solely  or 
primarily  on  the  basis  of  Government  contracts.  Many  of  them  have 
grown  into  large  industrial  complexes,  such  as  North  American 
Aviation,  TRW  Systems,  PRC. 

Methology,  processes  and  products  developed  for  or  by  the  Government, 
have  been  adopted  throughout  the  American  Industry  for  a  wide  scope 
of  applications  in  the  public  and  private  sector  of  the  economy. 
Examples  are  (1)  PERT  -  a  Project  Eva luation  and  Review  Technique, 
developed  by  the  Navy  for  the  planning  and  control  of  the  Polaris 
program.  (2)  The  Systems  Engineering  Concept  developed  jointly  by 
the  Aerospace  Industry  and  the  Air  Force  for  the  Ballistic  Missile 
program. 

.  Pools  of  Bkilled  resources  have  been  developed  flexible  and  mobile, 
not  only  between  industries  and  applications,  but  also  geographically 
to  respond  to  the  many  varying  needs  of  the  Government. 

'.  Development  of  Industrial  centers  of  gravity  with  vast  impacts  upon 
the  employment,  educational  facilities,  land  use  and  other  aspects 
of  a  given  region,  such  as  the  centralisation  of  the  aerospace 
industry  In  Southern  California,  t ho  Manned  Space  Flight  Program  in 
Houston,  Missile  Ranges  in  Florida  and  Southern  California. 
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The  growing  participation  of  Government  in  the  managerial  function  | 

~ of  industry  and  the  development  of  Government  as  anient repreneur .  j 

■  -  f 

* 

There  are  also  important  problem  areas  which  should  not  be  overlooked.  > 

.  There  are- definite  limits  in  the  economics  of  size.  Centralization  -  j 

can  only  be  justified  up  to  a  point.  1 

.  It  is  difficult  to  provide  incentives  for  creative  entrepreneurship  j 

in  5  system  that  is. too  heavily  dependent  upon  Government  influence.  A 

.  An  economy  significantly  dependent  upon  Government  expenditures  could  ? 

’  l 

easily  lose  stability  and  stagnate  or  expand  too  rapidly  as  a  '! 

result  of  political  decision-making.  j 


.In  Summary  ■  ] 

American  industry  has  adapted  itself  to  the  increasing  effects  of  j 

Government  expenditures  without  losing  Its  Identity  of  a  modified  free  enter-  j 

:  prise ^system  in  contrast  to  the  stricter  system  of  state  capitalism.  Economic  | 

and.  social-changes  have  come  about  through  evolution  rather  than  revolutionary  j 

.upheaval.  Without  the  availability  and  thorough  analysis  of  large  masses  of  j 

statistical  data,  it  is  not  possible  to  state  conclusively  that  the  results  j 

of  increased  Government  expenditures  have  caused  a  change  in  industry  th.:c  ] 

■  has  both  caused  a  better  -deployment  and tcombinat ion  of  resources  and  a  better  -  | 

distribution  of  income.  However,  the  rise  in  personal  incomes  and  growth  ! 

of  GNP  seem  to  indicate  a  positive  effect  on  the  total  economy.  j 
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I.  Critical  Importance  of  Communication  in  Management 


Communication  is  the  process  by  which  we  share  our  thoughts  and 
feelings.  Since  a  manager,  by  definition,  depends  on  others  to^carry  out 
his  decisions  and  policies,  communication  is  a  central  aspect  of  his  job. 

A  manager  is  paid  for  not  only  identifying  problems,  making  decisions  and 
giving,  ins-tb-uctionsy  but  also  for.  gaining  -afcceptanceL;af;  those  instructions * 
so  that  they  will  be  implemented.  All  of  the  time  and  energy  which  goes 
into  planning  and  decision  making  is  worthless  unless  the  decisions  are 
implemented.  Recognition  of  this  fact  has  increased  managers'  interest 
in  the  processes  of  communication  and  influence. 


II.  Purpose  of  This  Session 


a: 

B. 

C. 

D. 


To  deepen  our  understanding  of  what  is  involved  in  "getting  an  idea 
from  one  person  to  another.  . 

To  identify  common  blocks  to  effective  communication. 

To  explore  ways  of  overcoming  these  blocks. 

To  better  understand  factors  which  help  or  hinder  communication  in  a 
work  situation.  .  r  '  '  ycV  .!•'  i  •  '■  '  ’ 

These  processes  will  be  achieved  through  a  combination  of  experiments, 
lectures  and  discussion. 


lecture) 


Perception  is  a  basic  concept  of  psychology  which  managers  need  to 

'  HR*" ' 

keep  in  mind  in  orderito  understand  the  complexity  of  communication.  An 
individual's  perception  of  any  event  is  determined  by  two  major  factors: 
a)  outside  stimuli  and  b)  his  past  experience  which  is  evoked  by  the 
stimuli.  Since  each  individual  carries  with  him  a  different  kind  of 


past  experience,  it  follows  that  each  person  will  have  a  somewhat  unique 
perception  of  a  single  event. 


Comparison  of  One-Way  and  Two-Way  Communication  (Experiment  and  lecture) 


In  an  experiment  of  one-way  and  two-way  communication,  the  following 
differences  tend  to  emerge  with  predictable  regularity:  a)  One-way  com¬ 
munication  takes  leas  time  than  a  two-way  process,  b)  two-way  communica¬ 
tion  produces  significantly  grriiar  accuracy  of  understanding,  c)  the 
sender  tends  to  over-estimate  the  accuracy  of  his  one-way  communication 
and  to  under-estimate  the  accuracy  of  his  two-way  communication,  d)  the 
receivers  are  usually  more  frustrated  during  the  one-way  communication 
process,  and  e)  receivers  have  more  control  over  the  pace  and  quality  of 
two-way  communication.  :  * 

All  of  the  studies  made  of  communication  emphasize  the  importance 
Of  a  feiadiMick  '.‘system  whidh  enables  the  sender' to  correct  misunderstand¬ 
ings  which  almost  inevitably  arise  in  this  complex  process. 


V.  The  Circular  Process  of  Communication  (a  conceptual  model) 

The  following  construct  diagram,  although  obviously  over  simpli¬ 
fied,  provides  a  framework  for  looking  at  the  interaction  process  between 
two  or  more  persons: 


individual,  and  so  they  initiate  some  behavior. 

This  whole  phase  might  be  called  the  BEHAVIOR  INPUT. 

H.  This  _behayior  goes  through  a  screen  which  the  individual  has,  that 
is,  his  feelings  about  himself  and  his  attitudes  (the  ones  we  started 
with},  and  he  receives  feedback  which  either  supports  or  modifies 
his  expectations. 

Communication  and  Organizational  Climate 

The  degree  to.  which  communication  flows  easily  in  an  organizational 
system  is  heavily  influenced  by  the  climate  of  trust  or  distrust  in  that 
system.  Dr.  J.  R.  C^ibb  has  emphasized  this  fact  in.his  studies  of  defen¬ 
sive  and  indefensive  climates.  Gibb  makes  the  point  that  every  individual 
has  four  primary  and  continuing  psychological  concerns: 

A.  Acceptance:  (The  degree  to  which  the  person  feels  accepted  and  re¬ 
spected  by  himself  and  others}. 

B.  Data  Flow:  (Determining  what  influences  he  exposes  himself  to  and 
what  data  he  shares  with  the  people  around  him}. 

C.  Goads:  (Determining  toward  what  purposes  he  is  directing  his  energy}. 

D.  Control:  (How  he  disciplines  himself  and  influences  his  environment 
to  achieve  his  purposes). 

In  a  group  or  organizational  system,  each  individual  develops  some 
feeling  about  the  extent  to  which  he  is  accepted  and  respected.  This 
feeling  then,  determines  the  extent  tor.  which  he  expresses  his  ideas  freely 
and  spontaneously  or  the  extent  to  which  he  presents  a  "polite  facade" 
or  bases  his  comments  on  strategic  considerations.  If  a  group  is  made  up 
predominantly  of  people  who  are  playing  a  strategic  game,  the  decisions 
they  .make  tend  to  fee  superficial  and  to -carry  little  commitment  on  the 
part  of  those  who  made  them.  Such  a  group  then  tends  to  become  apa¬ 
thetic,  requiring  a  control  system  characterized  by  dependency  rather 
1  than  interdependency. 

The  central  implication  of  Gibb's  model  is  that  the  principle  way  to 
achieve  a  creative  and  highly  integrated  group  is  to  develop  a  climate 
of  trust  which  then  opens  the  way  for  easy  data  flow  and  realistic  goal 


formation.  -  . 

VII.  Some  Requirements  for  Effective  Communication 

A.  An  awareness  that  I  am  a  person  w'ith  feelings  and  that  I  can  live  with 

-  -  -  '  . 

the  fact  that  my  feelings  influence  me  and  my  communication. 

B~  A  tolerance  of  other  people's  feelings  and  an  awareness  that  their 

feelings,  which  may  be  different  from  mine,  affect  their  sending  and 
receiving  communications. 

C.  The  intention  as  sender  to  build  feelings  of  security  in  the  receiver. 

D.  The  intentioK  as  a  receiver  to  listen  from  the  senders'  point  of  view 
rather  than  evaluating  the  communication  only  from  his  point  of  view. 

E.  The  willingness  to  take  more  than  half  the  responsibility  for  the 
effectiveness  of  communication  whether  as  sender  or  receiver. 

F.  The  conscious  effort  to  build  feedback  into  all  communications. 

G.  The  ability  to  resist  acting  on  and  reacting  to  my  assumptions  about 
another  person's  reasons  behind  a  particular  communication. 

H.  A  recognition  that  communications  at  best  are. imperfect  and  the  avoi¬ 
dance  of  undue  cynicism  from  difficulties  or  failures  to  communicate. 

I.  Viewing  my  own  functions  in  the  organisation,  as  one  of  maintaining  the 
process  of  communication  with  people  who  are  fully  capable  of  facing 
and  resolving  problems.  Having  confidence  in  those  with  whom  I  com¬ 
municate. 


SOLID  PROPELLANTS:  OSCILLATORY  AND  UNSTABLE 'COMBUSTION 

,  (8  August  1967) 

by 

~  -  Norman  W.  Ryan 

Mr.  Ryan,  who  is  Professor  of  Chemical  Engineering  at  University  of  Utah, 
earned  the  B.  Chem.  and  Chem.  E.  Degrees  at  Cornell  University,  and  Sc.  D. 
at  Massachusetts  Institute  of  Technology.  He  has  been  Chemical  Engineer  on 
the  staff  of  the  Research  Department  of  Standard  Oil  Company  and  consultant 
to  major  chemical  and  rocket  companies  as  well  as  agencies  of  the  Department 
of  Defense  in  the  areas  of  rocket  propulsion.  His  research  includes  areas  of 
rheology;  gas  dynamics,  combustion  and  condensation. 

GENERAL  CONSIDERATIONS 

When  significant  excursions  from  the  steady* state  pressure  level  occur 

in  a  rocket  chamber  and  we  cannot  attribute  them  to  something  else,  we  attri¬ 
bute  them;:  to  combustion  instability.  .  As  the  combustion  process  is  the  means 
of  producing  sensible  energy  in  the  rocket  system,  we  presume  that  combus¬ 
tion  must  somehow  amplify  pressure  disturbances.  Oscillatory  combustion  is 
the  term  applied  to  instability  in  which  the -  pressure  oscillates  -periodically  or 
-  quasi-periodically.  In  all- kinds  of  instability  we  can  rep7.*odtice  for  study, 
oscillatory  combustion  is  present. 

Instability  is  a  systems  concept  and  has  no  meaning  in  application  to 
elementary  processes.  Instability  can  arise  if  elementary  processes  that 
proceed  simultaneously  are  coupled;  that  is,  if  fluctuations  in  one  can  influ¬ 
ence  the  others.  -  Instability  does  arise  if  a  disturbance  in  one  process 
produces  an  amplifying  response  in  one  or  more  others. 

Combustion  itself  ,  is  not  an  elementary  process  but  is  a  set  of  coupled 
sub-processes.  If  we  follow  the 'history- of  a  particle  of  propellant,  we  note 
that  it  starts  out  as  a  cool  solid  mixture  of  reactive  materials;  it  is  pre¬ 
heated,  may  undergo  solid -phase  reactions  in  the  final  stages  of  preheating, 
then  engages  in  a  complicated  set  of  reactions  and  diffusions!  operations  at 
the  gas -solid  interface,  and  finally/ proceeds  ' to  near  adiabatic  equilibrium 
in'  the  gas  phase.  There  is  feedback  of  readtiye  species  and  energy  from  the 
^as  phase  to  the  surface  and  part  of  the  energy  to  the  sub-surface  materia?. 
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We  see  that  the  combustion  process  itself  contains  the  necessary  ingre¬ 
dients  for  instability--feedback  and  mass  and  energy  capacitances.  It 
interesting  to  postulate  an  isolated  combustion  process  and  ask  if  it  car 
exhibit  intrinsic  instability.  We  don’t  know  the  answer.  .We  do  know  that 
under  some  conditions^we  cannbt  make  the  propellant  burn,  and  some  investi¬ 
gators  have  suggested  that  under^ certain  conditions  propellants  undergo 
oscillatory  combustion  at  preferred  frequencies.  Suitable  experiments  have 
yet  to  be  performed.  Cn  the  other  hand,  the  subject  of  instrinaic  instability 
may  ke  irrelevant.  The  dominant  view  among  investigators  is  that  we  can 
explain  all  instances  of  instability  as  interaction  between  combustion  and 
other  processes  in  the  rocket  system.  That  view  will  be  taken  in  the  remain¬ 
der  of  this  lecture. 

There  are  two  questions  to  be  asked:  "In  what  ways  can  combustion 
interact  with  other  processes  in  the  system?,"  and  "Under  what  conditions  do 
the  interactions  result  in  instability?" 

With  respect  to  the  first,  we  consider  three  kinds  of  stimuli  that  can  be 
provided  by  the  surroundings  of  the  combustion  rone — heat  removal  or  supply, 
gas  motion,  and  pressure.  Heat  removal  from  the  combustion  zone,  by 
radiation  for  instance,  would  reduce  the  feedback  flux  from  the  gas  phase  to 
the  gas-solid  interface.  As  the  reaction  steps  are  strongly  temperature  de¬ 
pendent,  one  would  expect  the  results  to  be  dramatic.  It  happens,  however, 
that  simple  thermal  coupling  between  combustion  and  other  processes  is  very 
weak  in  a  rocket  combustion  chamber.  It  may  be  significant  in  some  exper¬ 
imental  burners. 

Gas  motion  induced  in  the  combustion  zone  by  the  contiguous  flow  field 
can  give  rise  to  what  is  known  as  .velocity  coupling.  An  instance  of  the 
effect  of  this  stimulus  is  erosive  burning.  A  related  phenomenon  is  the 
variation  of  ignition  time  with  gas  velocity  when  ignition  is  achieved  by 
convective  heat  transfer.  Gas  motion  parallel  to  the  burning  surface 
affects,  usually  but  not  always  in  a  way  to  enhance,  the  mixing  and  feedback 
processes  in  the  gas-phase  region  of  the  combustion  process. 

Finally,  pressure,  in  an  effect  known  as  pressure  coupling,  can  in¬ 
fluence  the  rate  of  combustion  by  compressing  the  gas-phase  zone,  thus 

3Z  + 


providing  both  compression  heating  and  steepened  concentration  and  tempera¬ 
ture  gradients.  The  rat«j»  of  the  feedback  sub-processes  are  thereby  altered. 

So  also  are  pres  sure -dependent,  energy-limited  surface  reactions  such  as  the 
dissociative  vaporization  of  ammonium  perchlorate.  Here  we  must  be  careful 
to  distinguish  between  the  normal  effect  of  steady  pressure,  which  i3  a  primary 
variable  in  determining  the  steady-state  combustion  rate,  and  transient  pres¬ 
sure,  which  is  the  symptom  of  instability. 

To  answer  the  second  question  concerning  the  conditions  needed  for  the 
response  to  result  in  instability,  we  find  it  convenient  to  think  in  terms  of  a 
periodic  stimulus,  its  characteristic  time  being  the  reciprocal  of  its  angu¬ 
lar  frequency. ;  If  the  characteristic  time  of  a  transient  stimulus  is  very 
large  compared  with  the  greatest  characteristic  time  of  the  combustion  sub¬ 
processes  that  can  respond,  then  the  combustion  process  remains  essentially 
in  a  steady  state  dictated  by  the  instantaneous  conditions  of  constraint. 

Put  another  way,  the  response  is  in  phase  with  the  stimulus--a  nonamplifying 
situation.  As  the  combustion  zone  is  the  sole  source  of  energy,  the  unampli¬ 
fied  transient  will  be  damped  out  by  the  available  dissipative  processes  in 
the  rocket  system.  If,  on  the  other  hand;  the  characteristic  time  of  the 
stimulus  is  very  short  compared  with  the  characteristic  times  of  responsive 
sub-processes i  then  the  response  will  be  180  degrees  out  of  phase--also  a 
nonamplifying  situation.  If  the  stimulus  and  the  response  characteristic 
times  are  of  the  same  order  of  magnitude,  then  we  have  the  possibility  of 
amplification  or  attenuation. 

If  is  of  interest,  then,  to  estimate  the  characteristic  times  of  the 
combustion  ^process.  As  an  upper  limit,  we  can  take  the  time  of  residence 
of  propellant  mate  rial  in  -the  combustion  wave;  and  that  time  is  from  0.  5  to 
50  msec  for  ammonium  -perchlorate  composite  propellants,  typically  from  1  to 
10  msec.;  The  largest  of  the  characteristic  times  is  usually  that  of  the 
preheating  thermal  wave  jj*  the  solid.  Given  by  the  ratio  of  thermal  diffus- 
ivity  to  the  square  of  'the  steady-state  burning  rate,  its  value  is  typically 
from  1  to  8  msec.  .  We  suspect  that  the  cohibustion  may  be  an  effective  ampli¬ 
fier  for  signals  ir  the  frequency  range  of  100  to  1, 000  rad/sec. 

Gur  ignorance  of  the  nature  of  the  surface  and  gas-phase  events  makes 
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estimating  other  characteristic  times  difficult.  The  mass  and  energy  transport 
times  in  the  gas  phase  would  be  the  residence  time  if  plug  flow  conditions  were 
obtained.  We  would  estim;  ..u  a  time  of  .the  order  of  10  to  100  microseconds 
and  expect~E  sensitive  response  to  stimuli  in  the  frequency-grange  of  10,000  to 
100,000  rad/sec. 

It  is  generally  agreed  that  reaction  times  are  very  Bhort  indeed,  one 

estimate  being  0. 1  microsecond.  If  oscillations  at  frequencies  of  the  order 
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of  10  rad/sec  are  amplified  to  significant  amplitudes,  they  have  not  been 
observed  and:  reported.  The  reactions  are  probably  distributed  in  a  chaotic 
gas -phase  region,  and  their  effect  is  probably  to  accentuate  the  sensitivity 
of  the  mixing  and  transport  sub-processes. 

Having  identified  two  frequency  regimes  in  which  we  would  expect  the 
combustion  process  to  be  a  sensitive  amplifier,  we  inquire  about  the  source 
and  selection  of  the  disturbances  to  be  amplified.  Pressure  pulses  of  com¬ 
plex  form,  therefore  containing  components  of  many  frequencies,  are  not  un¬ 
common.  More  reliable  as  a  source  is  the  combustion  process  itself,  which 
generates  noise  with  a  wide  spectrum  of  frequencies. 

The  selection  of  frequencies  to  be  amplified  is  made  by  the  non-com¬ 
bustion  processes  in  a  negative  way.  As  these  processes  are  attenuating  in 
nature,  they  favor  some  frequencies  simply  by  being  Icbs  capable  of  absorb¬ 
ing  energy  at  those  frequencies.  If  the  loss  due  to  attenuating  processes  is 
less  than  the  gain  due  to  combustion,  then  oscillations  will  grow. 

,•  The  ideas  that  have  been  expressed  .so  far  will  be  applied  to  two  kinds 
of  instability- -acoustic  instability  and  L*  instability. 

ACOUSTIC  INSTABILITY 

Acoustic i  instability  acquired- its  name  from  the  fact  that  the  observed 
oscillations  are  acoustic  waves  at  frequencies  determined  by. the  properties 
of  the  gas  and, .the  geometry  of  the  gas  cavity.  The  frequency  range  en¬ 
countered  in  practice  is  about  5,000  to  100, 000  rad/sec,  where  one  expects 
the  sensitive  sub- process  of  combustion  to  be  the  feedback  of  energy. .and 
mass. 

The  gas  cavity  is  sharply  selective  with  respect  to  the  frequencies 
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observed.  Many  shapes  of  gas  cavity  have  been  employed  in  rockets  and  test 
burners,  and  all  the  typeB  of  acoustic  modes  compatible  with  the  geometries 
have  been  reported.  The  combustion  process  iB  not  so  discriminating;  it 
behaves  as  a  broad-band  amplifier  over  large  frequency  and  pressure  ranges. 

The  acoustical  description  of  this  kind  of  instability  attributes  to 
the  combustion  zone  an  acoustic  admittance  which  ia  simply  related  to  the 
coupling  function  connecting  ga3  generation  rate  to  pressure.  One  obtains 
one  or  the  other  of  these  quantities  from  the  measured  growth  rate  of  the 
pressure  oscillations  adjusted  for  the  losses  in  the  experimental  system 
employed.  One  of  the  interesting  predictions  of  the  acoustical  description 
concern®  the  role  of  the  solid  propellant  grain  in  the  acoustical  system. 

It  represents  a  significant  sink  £a'r  the  energy  of  the  oscillations  at  frequen¬ 
cies  such  that  it  can  vibrate  in  resonance. 

The  T-burner,  a  cylindrical,  center-vented  burner  employing  end-burning 
grains,  is  the  principal  tool  for  evaluating  the  tendency  of  a  propellant  to 
amplify  pressure-coupled  oscillations.  Because  the  instability  seems  to  be 
more  Bevere  in  some  rocket  systems  than  in  T-burners,  it  is  believed  that 
velocity  coupling  also  contributes.  There  is  not,  at  the  present  time,  a 
suitable  method  for  obtaining  values  of  the  coupling  function  from  experi¬ 
mental  measurements. 

L*  INSTABILITY 

The  phenomenon  of  L*  instability  occurs  when  LI,  the  gas  cavity  volume 
divided  by  the  nozzle  throat  area,  is  small.  A  second  condition  for  its 
occurrence  is  that  the  normal  burning  rate  of  the  propellant  be  a  small 
value.  The  frequency  Grange  observed  with  a  small  class  of  composite  pro¬ 
pellants  carefully  studied  is  about  200  to  1,200  rad/sic,  where  one  expects 
the  sensitive  sub-process  to  be  the  thermal  wave  in  the  solid. 

The  most  severe  form  of  this  kind  of  instability  is  chuffing --alternating 
ignition  and  extinguish  hent.  As  the  propellant  burns  back,  L*  increases; 
and  the  fraction  of  burning  time  in  the  chuff  cycle  increases.  Oscillations  of 
characteristic  frequency  appear  on  the  crests  of  the  chuffs  and  grow  in 
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amplitude  until  burning  ceases  again.  As  L*  increases  still  more,  stable 
conditions  appear.  Even  then,  oscillations,  which  damp  out,  can  be  triggered 
by  a  disturbance;  and  the  frequency  can  be  measured. 

At  the  present  time,  the  frequency  of  the  oscillations  cannot  be  predicted 
Attempts  to  construct  a  descriptive  theory,  at  present  in  a  primitive  state, 
suggest  that  the  gas  residence  time  determines  the  frequency. 

SUPPRESSION  OF  INSTABILITY 

Effective  suppression  of  acoustic  instability  an  the  frequency  range 
where  it  has  been  commonly  encountered  has  been  achieved  by  including  alu¬ 
minum  in  the  propellant.  The  most  popular  view  of  the  manner  in  which  it 
acts  is  that  the.  fine  alumina  produced  dissipates  the  acoustic  energy  in  the 
gas  cavity.  The  particle  size  of  the  alumina  is  determined  by  the  combustion 
characteristics  of  the  metal,  and  the  damping  effectiveness  is  dependent  on 
particle  size.  At  the  much  lower  acoustic  frequencies  ona  would  expect  in 
very  large  solid-propellant;  rockets,  the  fine  particle  damping  mechanism  may 
not  be  effective. 

On  the  other  hand,  if  at  least  part  of  the  effectiveness  of  the  aluminum 
results  from  a  spoiling  of  the  pressure -burning  rate  coupling  at  the  combus¬ 
tion  zone,  it  is  exerting  its  influence  in  the  thin  combustion  zone  gas  phase. 

At  lower  frequencies,  however,  the  sensitive  sub-process  is  in  the  solid  . 
phase;  and  again  we  conclude  that  there  is  no  reason  to  expect  aluminum  to 
be  effective.  It  is  clear  from  experiments  with  experimental  burners  oper¬ 
ating  at  low  L*  levels  that  aluminum  does  not-affect  stability  except  insofar 
as  it  influences  the  burning  rate. 


ARPA  Liquid  Programs  -  A  Critical  Review 
(15  August  1967) 

by 

Forrest  S.  Forbes 


Forrest  Forbes  is  the  Chief  of  the  Liquid  Propellant  Branch,  Propellant 
Division,  Air  Force  Rocket  Propulsion  Laboratory.  He  received  his  B.S. 
in  Chemical  Engineering  in  1951  from  the  University  of  Iowa.  He  began 
his  career  at  Wright  Air  Development  Center,  Wright -Patterson  AFB,  Ohio 
in  1951;  then  transferred  to  AFRPL  in  1959  where  he  managed  the  liquid 
oxidizer  research,  development  and  evaluation  programs  including  the 
effort  that  resulted  in  the  development  of  chlorine  pentafluoride.  Mr. 
Forbes  has  also  acted  as  chairman,  advisor,  and  consultant  for  many 
boards  and  committees  working  in  fields  related  to  rocket  propellants. 

The  ARPA  liquid  propellant  program  covered  a  very  broad  spectrum 
of  propellant  technology  with  the  emphasis  concentrated  in  four  major 
areas:  homogeneous  oxidizers,  heterogeneous  fuels,  heterogeneous 
monopropellants,  and  combustion  of  metallized  fuels. 

Many  propellants  and  Ingredients  were  screened  for  performance, 
compatibility  and  physical  properties.  The  promising  propellant 
combinations  were  formulated;  of  prime  Interest  were  ^F^,  ClF^, 

TNM  and  Compound  "T"  Qc(HF^)^~|  «  Attempts  to  reduce  the  vapor 

pressure  of  ^F^  were  not  successful.  The  most  attractive  mixture, 
N^f^/ClFj ,  from  the  standpoints  of  both  performance  and  physical 
properties,  was  reactive. 

Mixtures  containing  sufficient  amounts  of  Compounds  "T”,  "R", 
or  other  HF  materials  having  acceptable  performance  or  vapor  pressure, 
were  too  sensitive  for  practical  use.  ^0^  can  be  upgraded  by  about 
10  seconds  with  30%  "T";  the  resulting  mixture  appears  to  meet 


acceptable  safety  standards,  but  the 


availability  and  difficulty 


of  handling  "T"  will  limit  further  development.  A  low-teraperature 
^O^/NO  gel  was  formulated  that  has  acceptable  properties  and 
stability.  It  was  successfully  flowed  at  -30°F.  Its  performance 
with  hydrazine  is  290  seconds. 

Heterogeneous  fuels  containing  aluminum,  beryllium,  AlH^,  and 
BeH2  were  successfully  formulated.  The  EDH-A  and  EDH-B  compositions 
have  good  low-temperature  utility  and  reasonable  high-temperature 
stability.  These  two  fuels,  and  a  Be/^H^  gel,  are  now  ready  for 
larger  scale  development  studies.  BeH--based  fuels  exhibited  high 
reactivity  with  MMH  although  some  improvement  was  made.  Recent 
Aerojet  material  appears,  however,  to  -7<aet  our  gas  evaluation  require¬ 
ment.  Replacing  some  of  the  hydride  with  beryllium  metal  merits 
additional  study  because  of  the  higher  weight  loadings  attainable. 

The  use  of  agents  to  thicken,  rather  than  to  gel,  may  reduce  or  elim- , 
inate  bulk  expansion  due  to  gas  evaluation.  Satisfactory  fuels  can 
be  formulated  using  hydrocarbon  carriers. 

Several  hfgh-density  heterogeneous  monopropellants  baaed  cm 
boron  carbide  appear  to  be  very  attractive  candidates  fcwr  volume- 
limited  applications.  High-energy  monopropellants  based  on  BeH^/^Og 
and  other  components  were  also  satisfactorily  formulated.  Some  water 
is  required  for  desensitization  and  some  decomposition  occurs  with 
BeH„- formulation.  From  the  combustion  results  in  the  small  test 
equipment ,  It  appears  that  the  burning  of  metallised.  fufeia.  withr> high 


efficiency  is  possible.  Since  C*  measurements  require  precise  hard¬ 
ware  dimensions,  future  tests  should  be  conducted  at  higher  thrust 


leveWs- -  Both  Al  and  AlK,  propellant  combinations  appear^yery 
attractive,  although  throat  erosion  may  be  a  problem. 

As  expected,  the  combustion  of  and  NgF^/ClF^  mixtures 

with  hydrazine  went  smoothly  and  resulted  in  high  efficiency.  The 
data  reported  for  the  Bei^  systems  indicated  high  C*  efficiency, 
while  for  Be  gels,  a  lower  efficiency.  Sufficient  variations  in 


metal  combustion  efficiency  under  different  conditions  herve  been 
V observed  to vindicate  that  substantial  combustion  improvement  should 
'be  attainable.  Combustion  studies  of  BeH,  gels  are  being  continued 

AvA.-  '  i  r  •'  :•  .  ' 

by  Aerojet-Oetieral  Corp.  tinder  an  AFRPL  contract. 

•  ;42 ? ?■$ ;:t ' / •  •:  *.•:>.  '  ‘  *';V  *  '  \ •*  •’  *" 

.  The  ARPA  liquid  propellant  program  will  serve  as  a  guide  for 

future  propellant  efforts.  Many  propellant  mixtures  were  formulated 
and  found  unsuitable  Satisfactory  formulations  have  been  identified 


and  should  receive  further  consideration. 
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Leslie  B.  Seely,  Jr. 
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The  subject  of  3hock  waves  is  quite  simple.  An  adequate  discussion 
of  the  subject  can  be  carried  on  with  recourse  to  no  more  than  the  most 
■  basic  mechanical  laws,  and  the  major  features  of  shocks  can  be  analysed 
with  mathematics  no  more  complicated  than  algebra.  There  is  considerable 
merit  in  treating  shocks  in  this  simple  way  in  order  to  set  forth  their 
important  properties  as  clearly  as  possible;  the  assumptions  made  will 
readily  perceived.  It  is  also  possible  to  arrive  at  the  same  result 
(and  gain,  it  is  true,  the  capability  of  considering  very  complicated 
cases)  by  using  involved  mathematical  methods  and  developing  shock  theory 
from  the  differential  equations  of  compressible  flow.  In  this  case  we 
are  apt  to  overlook  the  true  difficulties  because  they  are  hidden  In  the 
basic  assumptions  of  differential  calculus;  we  assume  that  it  is  legiti¬ 
mate  to  integrate  equations  dealing  with  infinitesBimals  to  arrive  at  :,S 
equations  governing  finite  differences  occurring  at  what  is,-  from  a  > 
practical  point  of  view,  a  discontinuity  in  the  variables. 

Let  us  start  from  ah  intuitive  point '  of  view.  -'  We  must  first'  state  v;: 
what  we  are  considering:  A  shock  is  a  compressive  wave  of  finite. amplitude; 
The  words  "compressive  wave  :of :  fiMtd ;  already'' ieli'  iir.  ft;  great  •  ;  if 

deal  about  the  properties; of  the  shock.  For'  lnstincw,'  eompressloB  toeans  :/ 


that"  the  volume  of  the  material ;,ln  jvUeh':  the /wave' is.:^aveli^:;lMccme  ' ' 


smaller.  This  implies  the 


is  basic  to  shocks  but  usually  difficult  to  grasp  by  those  considering 
the  subject  for  the  first  time. 

A  computer-generated  movie  was  shown  during  the  talk  to  illustrate 

what  must  happen  when  a  material  is  rapidly  compressed  by*  a  finite  amount. 

The  picture  showed  a  50  x  50  array  of  evenly  spaced  dots  representing  in 

two  dimensions  the  mass  points  In  the  material.  It  was  then  imagined 

that  a  piston  compressed  the  field  of  dots  from  left  side,  moving  the 

■first  row  of  dots  to  one  half  their. original  distance  from  the  second 

row.  In  the  second  frame  the  motion  was  continued  and  the  distance 

between  the  second  and  third  rows  decreased  by  one  half.  The  piston 

had  fay ’this  time  moved  a  distance  equal  to  the  original  spacing  between 
/ 

two  dots,  whereas  the  effect  of  the  compression,  evidenced  by  the  change 
in  spacing,  had  moved  two  dots.  When  the  film  was  continued  at  normal 
framing  speed,  the  changed  average  light  intensity  in  the  compressed 
region  indicated  the  Increased  density.  The  front  of  this  region 
progressed  across  the  screen  at  a  constant  velocity  in  a  plausible 
representation  of  a  compressive  wave  of  finite  amplitude. 

•■'.V  At  the  right  side  of  the  field  of  dots  the  wave  was  considered 
to  encounter  an  absolutely  rigid  wall.  This  prevented  motion  of  the 
last  column  of  dots.  It  was  noted  that  the  piston  had  moved  half  way 
across  the  field  (compression  of  two)  at  this  .time,  and  that  therefore 


the  particle  velocity  (equal  to  the  piston  velocity)  was  one  half  the 
shock  velocity. 


.  The;  representation  shown  in  the  movie  was  then  changed  to  give  a 
more  compact  representation  of  the  phenomenon  by  abandoning  one  spatial 
dimension.  -A  single  row  of  dots  can  be  used  to  represent  the  compression 
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in  full  completeness  although  it  cannot  give  as  realistic  an  impression 
of -the  progress  of  the  wave.  A  row  cf  dots  was  taken  fstfn  each  frame 
of  the  movie  and  placed  one  above  another  in. order.  (The  number  of  dots 
in  each  row  was  cut  in  half  because  the  author  was  not  as  tireless  as 
the  computer.)  In  this  way  the  (x,t)  plot  shown  in  Fig.  1  was  constructed. 
The  piston  velocity  can  be  seen  as  the  slope  of  the  left-hand  edge  of  the 
dots.  The  velocity  of  each  dot  is  the  same  as  the  piston  since  we 
the  piston  velocijry  constant.  The  front  of  the  shock  is  seen  as  the 
front  of  the  compressed  region.  It  is  clear  intuitively  frost  this 
picture  that  the  compression  is  related  to  the  distance  between  the 

l 

shock  front  and  the  piston;  that  is,  the  difference  between  the  shock 
velocity  and  the  particle  velocity.  The  relationship  is; 


V  =  V 


o  U 


where 


V  =  the  compressed  volume 


Ug  =  the  shock  velocity 
up  =  the  particle  velocity.  ' 


The  subscript  zero  refers  to  conditions  ahead  of  the  shocks  -  -v 
The  shock  system  treated  here  is  obviously  a' 
flat-topped  shock  with  constant  velocity) . .  However,  it  is  tM'/type  6f 

system  we  need  in  experiments  to  measure  the  compressive  shock  properties 

■  S:-  .  ".'v’-v '  „•  .  -7.V v  • . 

of  materials.  ’  ;.i  •  V--  -  -vV.’  V  -"Vv-V' 

'•  •  V;''  ‘  'V  • ' ^  \  ■>’>::<  .... 

In  order  to  simplify  our  considerations,  we  place  our  reference  axea.Ar/ 
on  the  shock  front  and  consider  the .material :  to  'be:  . 

shock  with  velocity  : IT.  ,-\ai '  i  t ' 

.  ^  ■■ 

•  •  •  ■  '••••■  •  V  .  ••  r  ..V  .•  •  i'*.  v  :  iA/f,  $■ '  .  '  :  i' 
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tunnel.  The  laws  of  conservation  of  mass  and  momentum  are  then  applied 
2 

simply  to  1  ca  of  a  very  large  plane  shock.  The  volume  of  material 

entering  this  area  in  1  sec  is  U  ,  and  the  mass  is  obtained  by  multiply- 

s 

lng  by  the  density  PQ  =  ~  •  Equating  the  mass  flowing  into  the  shock 

'V'  o 

region  to  that  flowing  out  of  the  shock  region  gives 


p„  -  V- 


which. is  identical  with  Eq.  1,  Similarly,  Newton's  second  law  can  be 
applied  to  the  material  flowing  through  the  shock. 

Force  =  mass  •  acceleration 

=  mass  •  change  in  velocity 

The  force  is  1:he  difference  in  pressure  P.  Therefore, 


p  p  .=  p  t  [u  -  <U  -  u  ")3» 
o  ■  ”o  s  s  a  p'v 


at  »  p  U  U  , 

•:j.  .  ,  *0  S  p 


since  P_  is  avail  relative  to  P. 


^V^This  relationship, .  based  on. .the  two  most  fundamental  laws  of  mechanics, 
if  is  powerful  as  it  is  simple.  It  holds  regardless  of  the  energy  processes 
that  may  be  occurring  in  the  shock. 

Equation  2  is- particularly  useful  for  dealing  with  what  happens  at 
Interfaces  between  materials.  In  order  to  perform  shock  experiments  we 
must  introduce  shocks  into  test  specimens  from  other  materials.  At  such 


an'interfaice  a  shock  is  reflected  either  as  a  shock  or  a  rarsfaction 

depending  on  the  shock  compressibility,  of  the  specimen  material  relative 

..-ovV'-t'  -V  •  '.;o\  .  ■■  "if-'i"-'-.  i’  1 

to  the  compressibility  of  the  material  in  which  the  shock  was  originally 

'VvC'-^  f  '•  - 

travelings  :-lt  can  and  has  been  demons  skated  experimentally  that  for  the 


-type  of  shocks  we  have  been  considering  no  separation  4s  produced  at  the 
boundary;  that  is,  after  shock  reflection  the  particle  velocity  is  the 
same  on  both  s^.des  of  the  boundary.  It  also  has  been  observed  that  the 
Interface  assumes  a  velocity  when  struck  by  the  shock  and  that  thie 
velocity  remains  constant  as  long  as  the  original  shock  can  be  considered 
flat  topped.  Slightly  more  complicated  considerations  involving  the 
conservation  than  those  used  to  develop  Eq.  2  can  demonstrate  that 

this  must  be  so.  For  present  purposes  we  will  assume  that  it  is  an 
experimental  fact  that  .  '  . 

■  u  ,  -  u  „ 

P.l  ■  P.2, 

.•/  -  (3) 

•  and  P1  =  P2,  Y  Y  Y,:. 

where  the  numerical  subscripts  are  used  to  discriminate  between  the  two  . 
materials  forming  the  interface. 


Because  of  this  important  behavior  of  interfaces,  the.  usefulness 
of  Eq.  2  is  greatly. enhanced.  For  the  sane  reason,  Interface  problems 
should  be  plotted  in  the  (P,u  )  plane.  Written  in  the  fom  Y;  K ;  •  • 


—  =  D  U  , 
u  s’ 

p 


V.  .  •  V.O’S'.'. 


the  equation  can  be.  used  to  determine ; the  shock  pressureand  particle; :  • 

velocity  in  the  test  specimen.  The  procedure  is  indicated  ih'.FigY2Y 


V.V..  . 


The  upper  positively  sloped  curve  is  the  locus  of  all  possible,  shocked 

'  'y  ■  :.-o. Y?  • .  Yc Yx  v'-  ' 

states  in  the  material  of  the  shock  generating' system  (in  this  case  brass) 

This  curve  has  previously  been  obtaindd  ahd  is  avallable  in  the  literature 

..  .  - , :  Y>Y  ^ 

The  point  S  is  th-?  state  point  -  of  the  shock  in  the  brasi  bef or*  r.tbeH  va 

•v  •  v  .  -.x  -J  ■  ■■:' 

Interface  with  the  test  specimen  is  encountered.  It  wky,'b9  determined : 

■  ‘  ’  '  '  -/'V'  w’yyYYYy  Y  ••yY?yy-YY-Yyy.  Y" 
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in  each  experiment  by  one  shock  measurement  on  the  brass.  The  negatively 
sloped  line  through  S  is  the  locu3  ot  all  state  points  that  can  be 

reached  by  expansion  in  the  brass  starting  at  point  S.  Now  if  we 

■ 

■ensure  the  shock  velocity  U  induced  in  the  test  specimen  by  the 

s 

shock  in  the  brass,  we  see  fros  Eq.  2a  that  a  line  can  be  drawn  with 


slope  p  U  through  the  origin  which  will  contain  all  values  of  P 

"O  S 

and  u  attainable  in  the  test  specimen  as  the  result  of  a  shock  with 
velocity  U  .  The  intersection  of  this  straight  line  with  the  expansion 
curve  of  the  brass  is  the  only  point  at  which  the  relations  (3)  hold, 
^nd  therefore  the  point  I  is  the. desired  state  point  in  the  test 
specimen. 

-  v  Thua,  one  shock  experiment  producing  a  particular  Bhock  velocity 
[V in  the  sample  enables  us  to  plot  one  point  in  the  (P,  u  )  plane. 

By  performing  other  experiments  with  shock  generating  systems  designed 
to  produce  shocks  of  various  strength  we  can  generate  other  state  points 


\i 


curve 


for .the  'specimen  material .  They  will  be  CO  a  positively  sloped 

\  ,.v 

through  the  origin  with  curvature  concave  upward  similar  in  shape  to 
the  dynamic  compression  for  brass  shewn  in  Fig.  2.  Such  a  curve  is 
called  the  Hugoniot  \irve  for  the  substance  In  question.  It  can  be 
transposed  to  the  (P,V)  plane  by  use  of  Eq.  2  which  is  the  more  usual 
.  pldae'' In  Which  to  plot  it.  We  have  so  far  not  invoked  use  of  conserva¬ 
tion  of  'energy,  but  by  its  use  .additional,  properties  of  the  Hugon'.ot  can 
.be  developed.  In  particular,  an  expression  for  the  internal  energy  of 
.^the;-  shocked-' material-  ;can;be.^t’ained . 

’There. are  at  least  three  experimental  designs  for  performance  of 
shock  experiments  to  yield- shock  velocities:.. 

■*  .  £  ~  W&V  *  •  *' yv.  *.V  *  > .' ' *  *  •'  \  1 **.  ■  •  ’•  V'  •  v; :  ’.jc-'j  '  ■ 


^Vv:- 


‘VO 

;v  ...  V-  /  >;  sV- ;V. 


'J  / ‘•“‘“vl/i.*: . > 
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1.  High  explosive  shock  generating  systems  with  the  pressure 
adjusted  to  the  desired  value  by  the  "mismatch-atteiluator”  system. 
These  shocks  are  not  precisely  flat  topped,  but  accurate  experi¬ 
ments  can  be  performed,  particularly  at  high  pressures. 

2 .  High  explosive  shock  generating  systems  employing  a  ’'flyer 
plate."  This  system  is  capable  of  generating  flat  topped  shocks 
for  periods  up  to  5  fJL sec. 

3.  Light  gas  gun  systems  in  which  the  flyer  plate  is  the  flat 
end  of  a  projectile.  This  system  is  particularly  accurate  in 
the  low  pressure  regime. 

In  addition,  shock  measurements  may  be  made  of  parameters  other  than 
the  shock  velocity.  The  particle  velocity  may  be  measured  and  used  with 
the  Hugoniot  of  the  adjoining  material  in  the  shock-generating  system  to 
derive  the  pressure  or  used  with  a  simultaneously  measured  shock  velocity 
to  derive  the  pressure  independently.  Alternatively,  quartz  or  manganic 
gages  may  be  used  to  record  the  transit  time  through  the  specimen  and  in 
addition  record  the  time  structure  of  the  pressure  pulse  if  the  wave  in 
fact  is  not  a  simple  discontinuity  (as  we  have  so  far  assumed) .  . 

In  summary,  the  theory  of  shocks  is  simply  derived  from  the  most 
basic  physical  laws.  True,  we  have  ^nduced  the  simplicity  by  our  assump¬ 
tions,  but  this  induced  simplicity,^  appropriate  to  the  problem  of 
measuring  the  dynamic  compressive  properties  (Hugoniot  curves)  of 
materials.  In  (jrder  to  measure  the  Hugoniot  curves  of  new  materials, 
we  must  in  fact  use  plane  fronted,-  flat-topped  shocks;'  The  objection  . 
might  be  raised  that  in  practical  cases  of  Interest  we  are  confronted  . ' 
with  thin  irregular  fronted  shocks  with  a steep  pressure  gradient  behind 


the  front.  This  is  true,  but  nevertheless  the  measurements  should  be 
carried  out  with  the  simple  shocks  to  which  our  analysis  applies.  There  are 
two  reasons  for  this.  First,  the  simple  dynamic  compressive  properties 
of  materials  must  be  determined  before  we  can  calculate  how  fast  any  shape 
of  shock  wave  will  move  in  them  or  how  shock  reflections  will  occur  at  the 
interfaces  between  them.  Second,  it  is  much  more  difficult  to  make  measure¬ 
ments  on  a  thin  shock  than  on  a  flat-topped  shock  because  the  thin  shock 
changes  continually  in  velocity;  no  steady  state  is  possible.  It  must, 
of  course,  be  admitted  that  eventually  we  must  deal  with  the  thin  shocks 
that  are  of  interest^in  many  practical  situations.  At  that  time  we  must 
obtain  enough  information  about  the  expanded  states  of  the  materials  to 
predict  sound  velocity  at  all  points  in  the  flow,  and  when  we  consider 
free  surfaces  of  the  materials  we  must  study  their  dynamic  tensile 
properties  to  predict  spalling  and  similar  affects.  But  of  primary 
and  prerequisite  importance  the  measurement  of  dynamic  compressive 
properties.  The  detailed  shape  of  the  Hugoniot  curves  can  indicate  much 
about  shock-induced  changes  in  the  materials. 


8 
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Figure  1.  Plot  of  Mass  Points  in  the  (x,t)  Plane.  A  shock  is  shown 
moving  through  a  compressible  material  and  reflecting  from  an  in¬ 
compressible  wall. 
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p'  AO*T,,ACT Opportunities  for  personal  growth  through  intellectual  stimulation  and  the 
acquisition  of  new  knowledge  should  be  available  to  scientists,  engineers  and 
managers  regardless  of  their  field  of  experience  or  geographical  location.  Such  op¬ 
portunities  are  readily  available  when  colleges  and  universities  are  located  in  the 
immediate  vicinity.  However,  at  the  Air  Force  Rocket  Propulsion  Laboratory 
(AFRPL)  the  nearest  university  is  approximately  two  hours  distant  by  automobile. 
Accordingly,  in  September  1964  a  seminar  program  was  initiated  as  a  lecture  series 
for  the  scientists  and  engineers.  In  the  first  three  years,  over  100  seminars  were 
conducted  on  a  wide  range  of  subjects  dealing  with  both  technical  and  management  as¬ 
pects  of  research  and  development.  The  emphasis  in  this  program  has  been  on  sub¬ 
jects  relating  to  the  mission  and  the  career  development  requirements  of  the 
Laboratory  personnel. 

In  the  first  three  years  of  operation,  many  of  the  seminar  speakers  have  beet 
provided  by  UCLA  on  contracts  from  AFRPL  and  have  included  authorities  from 
various  government  agencies,  universities  and  industry.  In  addition.  Laboratory 
personnel  served  as  speakers  for  the  program  on  subjects  ranging  from  technical 
discussions  on  in-house  experimental  studies  to  reviews  of  management  and  planning  -j 
activities.  -'I 


